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ABSTRACT

The document evaluates and assesses scientific information on the health
and welfare effects associated with exposure to various concentrations of lead
in ambient air. The literature through 1985 has been reviewed thoroughly for
information relevant to air quality criteria, although the document is not
intended as a complete and detailed review of all literature pertaining to
lead. An attempt has been made to identify the major discrepancies in our
current knowledge and understanding of the effects of these pollutants.

Although this document is principally concerned with the health and
welfare effects of lead, other scientific data are presented and evaluated in
order to provide a better understanding of this pollutant in the environment.
To this end, the document includes chapters that discuss the chemistry and
physics of the pollutant; analytical techniques; sources, and types of
emissions; environmental concentrations and exposure levels; atmospheric
chemistry and dispersion modeling; effects on vegetation; and respiratory,
physiological, toxicological, clinical, and epidemiological aspects of human
exposure.
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GLOSSARY VOLUME II

A horizon of soils - the top layer of soil, immediately below the litter layer;
organically rich.

anorexia - loss of appetite.

anthropogenic - generated by the activities of man.

apoplast - extracellular portion of the root cross-section.

Brownian movement - the random movement of microscopic particles.

carnivore - meat-eating organism.

catenation - linkage between atoms of the same chemical element.

cation exchange capacity (CEC) - the ability of a matrix to selectively exchange
positively charged ions.

chemical mass balance - the input/output balance of a chemical within a defined
system.

coprophilic fungi - fungi which thrive on the biological waste products of
other organisms.

detritus - the organic remains of plants and animals. •

dictyosome - a portion of the chloroplast structurally similar to a stack of
disks.

dry deposition - the transfer of atmospheric particles to surfaces by sedimen-
tation or impaction.

ecosystem - one or more ecological communities linked by a common set of
environmental parameters.

electronegativity - a measure of the tendency of an atom to become negatively
charged.

enrichment factor - the degree to which the environmental concentration of an
element exceeds the expected (natural or crustal)
concentration.

galena - natural lead sulfide.

gravimetric - pertaining to a method of chemical analysis in which the
concentration of an element in a sample is determined by weight
(e.g., a precipitate).

herbivore - plant-eating organism.

humic substances - humic and fulvic acids in soil and surface water.
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hydroponically grown plants - plants which are grown with their roots immersed
in a nutrient-containing solution instead of
soi 1.

Law of Tolerance - for every environmental factor there is both a minimum and
a maximum that can be tolerated by a population of plants
or animals.

leaf area index (LAI) - the effective leaf-surface (upfacing) area of a tree as
a function of the plane projected area of the tree canopy.

LC50 - concentration of an agent at which 50 percent of the exposed population
dies.

lithosphere - the portion of the earth's crust subject to interaction with the
atmosphere and hydrosphere.

mass median aerodynamic diameter (MMAD) - the aerodynamic diameter (in urn) at
which half the mass of particles in
an aerosol is associated with values
below and half above.

meristematic tissue - growth tissue in plants capable of differentiating into
any of several cell types.

microcosm - a small, artificially controlled ecosystem.

mycorrhizal fungi - fungi symbiotic with the root tissue of plants.

NAOP - National Atmospheric Deposition Program.

photolysis - decomposition of molecules into simpler units by the application
of light.

photosystem I light reaction - the light reaction of photosystem converts light
to chemical energy (ATP and reduced NADP).
Photosystem I of the light reaction receives ex-
cited electrons from photosystem II, increases
their energy by the absorption of light, and
passes these excited electrons to redox
substances that eventually produce reduced
NADP.

primary producers - plants and other organisms capable of transforming carbon
dioxide and light or chemical energy into organic compounds.

promotional energy - the energy required to move an atom from one valence
state to another.

saprotrophs - heterotrophic organisms that feed primarily on dead organic
material.

stoichiometry - calculation of the quantities of substances that enter into
and are produced by chemical reactions.
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stratospheric transfer - in the context of this document, transfer from the
troposphere to the stratosphere.

symplast - intracellular portion of the root cross-section.

troposphere - the lowest portion of the atmosphere, bounded on the upper level
by the stratosphere.

wet deposition - the transfer of atmospheric particles to surfaces by precipi-
tation, e.g., rain or snow.
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GLOSSARY VOLUME III

aerosol - a suspension of liquid or solid particles in a gas

BAL (British Anti-Lewisite) - a chelating agent often used in the treatment of
metal toxicity

biliary clearance - an excretion route involving movement of an agent through
bile into the GI tract

Brownian diffusion - the random movement of microscopic particles

"chelatable" or systemically active zinc - fraction of body's zinc store
available or accessible to
removal by a zinc-binding agent

chi-square goodness-of-fit tests - made to determine how well the observed
data fit a specified model, these tests
usually are approximately distributed as a
chi-square variable

first-order kinetics - a kinetic process whose rate is proportional to the
concentration of the species undergoing change

geochronometry - determination of the age of geological materials

hematocrit - the percentage of the volume of a blood sample occupied by cells

intraperitoneal - within the body cavity

likelihood function - a relative measure of the fit of observed data to a
specified model. In some special cases it is equivalent
to the sum of squares function used in least squares
analysis.

mass median aerodynamic diameter (MMAD) - Jthe aerodynamic diameter (in urn) at
which half the mass of particles in
an aerosol is associated with values
below and half above

multiple regression analysis - the fitting of a single dependent variable to a
linear combination of independent variables using
least squares analysis is commonly called multiple
regression analysis

plumburesis - lead excreted in urine

R2 - this statistic, often called the multiple R squared, measures the proportion
of total variation explained. A value near 1 means that nearly all of the
variation is explained, whereas a value near zero means that almost none of
the variation is explained.
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GLOSSARY VOLUME IV

ADP/0 ratio - a measure of the rate of respiration; the ratio of adenosine
diphosphate concentration to oxygen levels increases as
respiration is impaired

active transport - the translocation of a solute across a membrane by means of
an energy-dependent carrier system capable of moving against
a concentration gradient

affective function - pertaining to emotion

asthenospermia - loss or reduction of the motility of spermatozoa

azotemia - an excess of urea and other nitrogenous compounds in the blood

basal ganglia - all of the large masses of gray matter at the base of the
cerebral hemispheres, including the corpus striatum, subthalamic
nucleus, and substantia nigra

basophilic stippling - a histochemical appearance characteristic of immature
erythrocytes

cognitive function - pertaining to reasoning, judging, conceiving, etc.

corpuscular volume - red blood cell volume

cristae - shelf-like infoldings of the inner membrane of mitochondria

cytomegaly - markedly enlarged cells

demyelination - destruction of the protective myelin sheath which surrounds
most nerves

depolarization - the electrophysiological process underlying neural transmission

desaturation kinetic study - a form of kinetic study in which the rate of release
of a species from its binding is studied

desquamation - shedding, peeling, or scaling off

disinhibition - removal of a tonic inhibitory effect

endoneurium - the delicate connective tissue enveloping individual nerve fibers
within a nerve

erythrocyte - red blood cell

erythropoiesis - the formation of red blood cells

feedback derepression - the deactivation of a represser

hepatocyte - a parenchymal liver cell
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hyalinization - a histochemical marker characteristic of degeneration

hyperkalemia - a greater than normal concentration of potassium ions in the
circulating blood

hyperplasia - increased numbers of cells

hypertrophy - increased size of cells

hypochromic - containing less than the normal amount of pigment

hyporeninemic hypoaldosteronism - pertaining to a systemic deficiency of renin
and aldosterone

inclusion bodies - any foreign substance contained or entrapped within a cell

isocortex - cerebral cortex

lysosomes - a cytoplasmic, membrane-bound particle containing hydrolyzing
enzymes

macrophage - large scavenger cell that ingests bacteria, foreign bodies, etc.

(Na , K )-ATPase - an energy-dependent enzyme which transports sodium and
potassium across cell membranes

natriuresis - enhanced urinary excretion of sodium

normocytic - refers to normal, healthy-looking erythrocytes

organotypic - disease or cell mixture representative of a specific organ

oxidative phosphorylation - the generation of cellular energy in the presence
of oxygen

paresis - partial or incomplete paralysis

pathognomic feature - characteristic or indicative of a disease

polymorphonuclear leukocytes - leukocytes (white blood cells) having nuclei of
various forms

respiratory control rates (RCRs) - measure of intermediary metabolism

reticulocytosis - an increase in the number of circulating immature red blood
cells

synaptogenesis - the formation of neural connections (synapses)

synaptosomes - morphologi: il unit composed of nerve terminals and the attached
synapse

teratogenic - affecting the development of an organism

teratospermia - a condition characterized by the presence of malformed
spermatozoa
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1. EXECUTIVE SUMMARY AND CONCLUSIONS

1.1 INTRODUCTION
This criteria document evaluates and assesses scientific information on the health and

welfare effects associated with exposure to various concentrations of lead in ambient air.
According to Section 108 of the Clean Air Act of 1970, as amended in June, 1974, a criteria
document for a specific pollutant or class of pollutants shall:

. . . accurately reflect the latest scientific knowledge useful in indicating
the kind and extent of all identifiable effects on public health or welfare which
may be expected from the presence of such pollutant in the ambient air, in varying
quantities.

Air quality criteria are of necessity based on presently available scientific data, which
in turn reflect the sophistication of the technology used in obtaining those data, as well as
the magnitude of the experimental efforts expended. Thus, air quality criteria for atmo-
spheric pollutants are a scientific expression of current knowledge and uncertainties. Speci-
fically, air quality criteria are expressions of the scientific knowledge of the relationships
between various concentrations—averaged over a suitable time period—of pollutants in the
atmosphere and their adverse effects upon public health and the environment. Criteria are
issued as a basis for making decisions about the need for control of a pollutant and as a
basis for development of air quality standards governing the pollutant. Air quality criteria
are descriptive; that is, they describe the effects that have been observed to occur as a
result of external exposure at specific levels of a pollutant. In contrast, air quality
standards are prescriptive; that is, they prescribe what a political jurisdiction has deter-
mined to be the maximum permissible exposure for a given time in a specified geographic area.

This criteria document is a revision of the previous Air Quality Criteria Document for
Lead (EPA-600/8-77-017) published in December, 1977. This revision is mandated by the Clean
Air Act (Sect. 108 and 109), as amended U.S.C. §§7408 and 7409. The criteria document sets
forth what is known about the effects of lead contamination in the environment on human health
and welfare. This requires that the relationship between levels of exposure to lead, via all
routes and averaged over a suitable time period, and the biological responses to those levels
be carefully assessed. Assessment of exposure must take into consideration the temporal and
spatial distribution of lead and its various forms in the environment. Thus, the literature
through December, 1985, has been reviewed thoroughly for information relevant to air quality
criteria for lead; however, the document is not intended as a complete and detailed review of
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all literature pertaining to lead. Also, efforts are made to identify major discrepancies in
our current knowledge and understanding of the effects of lead and its compounds.

1.2 ORGANIZATION OF DOCUMENT
This document focuses primarily on lead as found in its various forms in the ambient

atmosphere; in order to assess its effects on human health, however, the distribution and bio-
logical availability of lead in other environmental media have been considered. The rationale
for structuring the document was based primarily on the two major questions of exposure and
response. The first portion of the document is devoted to lead in the environment—its physi-
cal and chemical properties; the monitoring of lead in various media; sources, emissions, and
concentrations of lead; and the transport and transformation of lead within environmental
media. The latter portion is devoted to biological responses and effects on human health and
ecosystems.

In order to facilitate printing and distribution of the present materials, this Draft
Final version of the revised ERA Air Quality Criteria Document for Lead is being released in
four volumes. The first volume (Volume I) contains this executive summary and conclusions
chapter (Chapter 1) for the entire document. Volume II contains Chapters 2-8, which include
the following: the introduction for the document (Chapter 2); discussions of the above listed
topics concerning lead in the environment (Chapters 3-7); and evaluation of lead effects on
ecosystems (Chapter 8). The remaining two volumes contain Chapters 9-13, which deal with the
extensive available literature relevant to assessment of health effects associated with lead
exposure. In addition to the above materials, there is appended to Chapter 1 an addendum
specifically addressing: the complex relationship between blood lead level and blood pres-
sure; and the effects of fetal and pediatric exposures on growth and neurobehavioral develop-
ment.

An effort has been made to limit the document to a highly critical assessment of the sci-
entific data base through December, 1985. The references cited do not constitute an exhaus-
tive bibliography of all available lead-related literature, but they are thought to be suffi-
cient to reflect the current state of knowledge on those issues most relevant to the review of
the ambient air quality standard for lead.

The status of control technology for lead is not discussed in this document. For infor-
mation on the subject, the reader is referred to appropriate control technology documentation
published by the Office of Air Quality Planning and Standards (OAQPS), U.S. ERA. The subject
of "adequate margin of safety" stipulated in Section 108 of the Clean Air Act also is not
explicitly addressed here; this topic will be considered in depth by EPA's Office of Air

1-2



Quality Planning and Standards in documentation prepared as a part of the process of revising
the National Ambient Air Quality Standard (NAAQS) for Lead.

1.3 CHEMICAL AND PHYSICAL PROPERTIES OF LEAD
Lead is a gray-white metal of silvery luster that, because of its easy isolation and low

melting point, was among the first of the metals to be extensively utilized by man. Lead was
used as early as 2000 B.C. by the Phoenicians. The most abundant ore is galena, from which
metallic lead is readily smelted. The metal is soft, malleable, and ductile, a poor
electrical conductor, and highly impervious to corrosion. This unique combination of physical
properties has led to its use in piping and roofing, and in containers for corrosive liquids.
The metal and the dioxide are used in storage batteries, and organolead compounds are used in
gasoline additives to boost octane levels. Since lead occurs in highly concentrated ores from
which it is readily separated, the availability of lead is far greater than its natural abun-
dance would suggest. The great environmental significance of lead is the result both of its
utility and of its availability.

The properties of organolead compounds (i.e., compounds containing bonds between lead and
carbon) are entirely different from those of the inorganic compounds of lead. Because of their
use as antiknock agents in gasoline and other fuels, the most important organolead compounds
have been the tetraalkyl compounds tetraethyllead (TEL) and tetramethyllead (TML). These lead
compounds are removed from internal combustion engines by a process called lead scavenging, in
which they react in the combustion chamber with halogenated hydrocarbon additives (notably
ethylene dibromide and ethylene dichloride) to form lead halides, usually bromochlorolead(II).

The donor moiety in an organometal1ic complex could be almost any basic atom or molecule;
the only requirement is that a donor, usually called a ligand, must have a pair of electrons
available for bond formation. In general, the metal atom occupies a central position in the
complex, as exemplified by the lead atom in tetramethyllead (Figure 1-la) which is tetra-
hedrally surrounded by four methyl groups. In these simple organolead compounds, the lead is
usually present as Pb(IV), and the complexes are relatively inert. These simple ligands,
that bind to metal at only a single site, are called monodentate ligands. Some ligands,
however, can bind to the metal atom by more than one donor atom, so as to form a heterocyclic
ring structure. Rings of this general type are called chelate rings, and the donor molecules
that form them are called polydentate ligands or chelating agents. In the chemistry of lead,
chelation normally involves Pb(II) A wide variety of biologically significant chelates with
ligands such as amino acids, peptides, and nucleotides are known. The simplest structure
of this type occurs with the amino acid glycine, as represented in Figure 1-lb for a 1:2
(metal:ligand) complex. The importance of chelating agents in the present context is their
widespread use in the treatment of lead and other metal poisoning.
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Figure 1-1. Metal complexes of lead.

Metals are often classified according to some combination of their electronegativity,
ionic radius, and formal charge. These parameters are used to construct empirical classifi-
cation schemes of relative hardness or softness. In these schemes, "hard" metals form strong
bonds with "hard" anions and, likewise, "soft" metals bond with "soft" anions. Some metals
are borderline, having both soft and hard character. Pb(II), although borderline, demon-
strates primarily soft character (Figure 1-2). The term Class A may also be used to refer to
hard metals, and Class B to soft metals. Since Pb(II) is a relatively soft (or class B) metal
ion, it forms strong bonds to soft donor atoms like the sulfur atoms in the cysteine residues
.of proteins and enzymes. In living systems, lead atoms bind to these peptide residues in pro-
teins, thereby changing the tertiary structure of the protein or blocking a substrate's
approach to the active site of an enzyme. This prevents the proteins from carrying out their
functions. As has been demonstrated in several studies (Jones and Vaughn, 1978; Williams and
Turner, 1981; Williams et al., 1982), there is an inverse correlation between the LD50 values
of metal complexes and the chemical softness parameter.

The role of the chelating agents is to compete with the peptides for the metal by forming
stable chelate complexes that can be transported from the protein and eventually be excreted
by the body. For simple thermodynamic reasons, chelate complexes are much more stable than
monodentate metal complexes, and it is this enhanced stability that is the basis for their
ability to compete favorably with proteins and other ligands for the metal ions.

It should be noted that both the stoichiometry and structures of metal chelates depend
upon pH, and that structures different from those manifest in solution may occur in crystals.
It will suffice to state, however, that several ligands can be found that are capable of suf-
ficiently strong chelation with lead present in the body under physiological conditions to
permit their use in the effective treatment of lead poisoning.
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Figure 1-2. Softness parameters of metals.

Source: Nieboer and Richardson (1980).

1.4 SAMPLING AND ANALYTICAL METHODS FOR ENVIRONMENTAL LEAD
Lead, like all criteria pollutants, has a designated Reference Method for monitoring and

analysis as required in State Implementation Plans for determining compliance with the lead
National Ambient Air Quality Standard. The Reference Method uses a high volume sampler (hi-
vol) for sample collection and atomic absorption spectrometry (AAS), inductively coupled
plasma emission spectroscopy (ICP), or X-ray fluorescence (XRF) for analysis.

For a rigorous quality assurance program, it is essential that investigators recognize
all sources of contamination and use every precaution to eliminate them. Contamination occurs
on the surfaces of collection containers and devices, on the hands and clothing of the inves-
tigator, in the chemical reagents, in the laboratory atmosphere, and on the labware and tools
used to prepare the sample for analysis.
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1.4.1 Sampling Techniques
Sampling strategy encompasses site selection, choice of instrument used to obtain repre-

sentative samples, and choice of method used to preserve sample integrity. In the United
States, some sampling stations for air pollutants have been operated since the early 1950's.
These early stations were a part of the National Air Surveillance Network (NASN), which has
now become the National Filter Analysis Network (NFAN). Two other types of networks have been
established to meet specific data requirements. State and Local Air Monitoring Stations
(SLAMS) provide data from specific areas where pollutant concentrations and population densi-
ties are the greatest and where monitoring of compliance to standards is critical. The
National Air Monitoring Station (NAMS) network is designed to serve national monitoring needs,
including assessment of national ambient trends. SLAMS and NAMS stations are maintained by
state and local agencies and the air samples are analyzed in their laboratories. Stations in
the NFAN network are maintained by state and local agencies, but the samples are analyzed by
laboratories in the U.S. Environmental Protection Agency, where quality control procedures are
rigorously maintained.

Data from all three networks are combined into one data base, the National Aerometric
Data Bank (NADB). These data may be individual chemical analyses of a 24-hour sampling period
arithmetically averaged over a calendar period, or chemical composites of several filters used
to determine a quarterly composite. Data are occasionally not available for a given location
because they do not conform to strict statistical requirements.

In September, 1981, ERA promulgated regulations establishing ambient air monitoring and
data reporting requirements for lead comparable to those already established in May of 1979
for the other criteria pollutants. Whereas sampling for lead is accomplished by sampling for
total suspended particulate (TSP), the designs of lead and TSP monitoring stations must be
complementary to insure compliance with the NAMS criteria for each pollutant. There must be
at least two SLAMS sites for lead in any area that has a population greater than 500,000 and
any area where lead concentration currently exceeds the ambient lead standard (1.5 ug/m3) or
has exceeded it since January 1, 1974.

To clarify the relationship between monitoring objectives and the actual siting of a mon-
itor, the concept of a spatial scale of representativeness was developed. The spatial scales
are described in terms of the physical dimensions of the air space surrounding the monitor
throughout which pollutant concentrations are fairly similar. The time scale may also be an
important factor. Siting criteria must include sampling times sufficiently long to include
average windspeed and direction, or a sufficient number of samples must be collected over
short sampling periods to provide an average value consistent with a 24-hour exposure.
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Airborne lead is primarily inorganic particulate matter but may occur in the form of or-
ganic gases. Devices used for collecting samples of ambient atmospheric lead include the
standard hi-vol sampler and a variety of other collectors employing filters, impactors,
impingers, or scrubbers, either separately or in combination, that measure lead in ug/m3.
Some samplers measure lead deposition expressed in ug/cm2; some instruments separate particles
by size. As a general rule, particles smaller in mass median aerodynamic diameter (MMAD) than
2.5 urn are classified as "fine," and those larger than 2.5 urn as "coarse." The present SLAMS
and NAMS employ the standard hi-vol sampler (U.S. Environmental Protection Agency, 1971) as
part of their sampling networks. As a Federal Reference Method Sampler, the hi-vol operates
with a specific flow rate of 1600-2500 m3 of air per day.

When sampling ambient lead with systems employing filters, it is likely that vapor-phase
organolead compounds will pass through the filter media. The use of bubblers downstream from
the filter containing a suitable reagent or absorber for collection of these compounds has
been shown to be effective. Organolead may be collected on iodine crystals, adsorbed on acti-
vated charcoal, or absorbed in an iodine monochloride solution.

Sampling of stationary sources for lead requires the use of a sequence of samplers in the
smokestack. Since lead in stack emissions may be present in a variety of physical and chemical
forms, source sampling trains must be designed to trap and retain both gaseous and particulate
lead.

Three principal procedures have been used to measure mobile source emissions, specifi-
cally auto exhaust aerosols: a horizontal dilution tunnel, plastic sample collection bags, and
a low residence time proportional sampler. In each procedure, samples are air-diluted to
"simulate roadside exposure conditions. The air dilution tube segregates fine combustion-
derived particles from larger lead particles. Because the total exhaust plus dilution airflow
is not held constant in this system, potential errors can be reduced by maintaining a very
high dilution air/exhaust flow ratio. In the bag technique, auto emissions produced during
simulated driving cycles are air-diluted and collected in a large plastic bag. This technique
may result in errors of aerosol size analysis because of condensation of low vapor pressure
organic substances onto the lead particles. To minimize condensation problems, a third tech-
nique, a low residence time proportional sampling system, has been used. This technique may
be limited by the response time of the equipment to operating cycle phases that cause rela-
tively small transients in the exhaust flow rate.

In sampling for airborne lead, air is drawn through filter materials such as glass fiber,
cellulose acetate, or porous plastic. 'These materials often include contaminant lead that can
interfere with the subsequent analysis. The type of filter and the analytical method to be
used often determine the sample preparation technique. In some methods, e.g., X-ray fluores-
cence, analysis can be performed directly on the filter if the filter material is suitable.
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The main advantages of glass fiber filters are low pressure drop and high particle collection
efficiency at high flow rates. The main disadvantage is variability in the lead blank, which
makes their use inadvisable in many cases. Teflon filters have been used since 1975 by
Dzubay et al. (1982) and Stevens et al. (1978), who have shown these filters to have very low
lead blanks (<2 ng/cm2). The collection efficiencies of filters, and also of impactors, have
been shown to be dominant factors in the quality of the derived data.

Other primary environmental media that may be affected by airborne lead include precipi-
tation, surface water, soil, vegetation, and foodstuffs. The sampling plans and the sampling
methodologies used in dealing with these media depend on the purpose of the experiments, the
types of measurements to be carried out, and the analytical technique to be used.

Lead concentration at the start of a rain event is higher than at the end, and rain
striking the canopy of a forest may rinse dry deposition particles from the leaf surfaces.
Rain collection systems should be designed to collect precipitation on an event basis and to
collect sequential samples during the event. Two automated systems have recently been used.
The Sangamo Precipitation Collector, Type A, collects rain in a single bucket exposed at the
beginning of the rain event (Samant and Vaidya, 1982). A second sampler, described by Coscio
et al. (1982), also remains covered between rain events; it can collect a sequence of eight
samples during the period of rain and may be fitted with a refrigeration unit for sample
cooling.

Because the physicochemical form of lead often influences environmental effects, there is
a need to differentiate among the various chemical forms .of lead in aqueous samples. Complete
differentiation among all such forms is a complex task that has not yet been fully accom-
plished. The most commonly used approach is to distinguish between dissolved and suspended
forms of lead. All lead passing through a 0.45 urn membrane filter is operationally defined as
dissolved, while that retained on the filter is defined as suspended (Kopp and McKee, 1983).
Containers used for sample collection and storage should be fabricated from essentially lead-

JJA
free plastic or glass, e.g., conventional polyethylene, Teflon , or quartz. These containers
must be leached with hot acid for several days to ensure minimum lead contamination (Patterson
and Settle, 1976).

The distance from emission sources and depth gradients must be considered in designing
the sampling plan for lead in soil. Depth samples should be collected at not greater than 2
cm intervals to preserve vertical integrity. Because most soil lead is in chemical forms un-
available to plants, and because lead is not easily transported by plants, roots typically
contain very little lead and shoots even less. Before analysis of plants, a decision must be
made as to whether or not the plant leaf material should be washed to remove surface contami-
nation from dry deposition and soil particles. If the plants are sampled for total lead
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content (e.g., if they serve as animal food sources), they cannot be washed; if the effect of
lead on internal plant processes is being studied, the plant samples should be washed. In
either case, the decision must be made at the time of sampling, as washing cannot be effective
after the plant materials have dried.

1.4.2 Analytical Procedures
The choice of analytical method depends on the nature of the data required, the type of

sample being analyzed, the skill of the analyst, and the equipment available. For general
determination of elemental lead, atomic absorption spectroscopy (AAS) is widely used and re-
commended. Optical emission spectrometry and X-ray fluorescence (XRF) are rapid and inexpen-
sive methods for multielemental analyses. X-ray fluorescence can measure lead concentrations
reliably to 1 ng/m3 using samples collected with commercial dichotomous samplers. Other
analytical methods have specific advantages appropriate for special studies.

With respect to measuring lead without contamination during sample handling, several in-
vestigators have shown that the magnitude of the problem is quite large. It appears that the
problem may be caused by failure to control the blank or by failure to standardize instrument
operation (Patterson, 1983; Skogerboe, 1982). The laboratory atmosphere, collecting con-
tainers, and the labware used may be primary contributors to the lead blank problem
(Patterson, 1983; Skogerboe, 1982). Failure to recognize these and other sources of contami-
nation such as reagents and hand contact is very likely to result in the generation of arti-
ficially high analytical results. Samples with less than 100 ng lead should be analyzed in a
-clean laboratory especially designed for the elimination of lead contamination. Moody (1982)
has described the construction and application of such a laboratory at the National Bureau of
Standards.

For AAS, the lead atoms in the sample must be vaporized either in a precisely controlled
flame or in a furnace. Furnace systems in AAS offer high sensitivity as well as the ability
to analyze small samples. These enhanced capabilities are offset in part by greater difficul-
ty in analytical calibration and by loss of analytical precision [lead analyses of 995 parti-
culate samples from the NASN were accomplished by AAS with indicated precision of 11 percent
(Scott et al. , 1976)]. Disks (0.5 cm2) are punched from air filters and analyzed by inser-
tion of nichrome cups containing the disks into a flame. Another application involves the use
of graphite cups as particle filters with the subsequent analysis of the cups directly in the
furnace system. These two procedures offer the ability to determine particulate lead directly
with minimal sample handling.

Techniques for AAS are still evolving. An alternative to the graphite furnace, evaluated
by Jin and Taga (1982), uses a heated quartz tube through which the metal ion in gaseous
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hydride form flows continuously. Sensitivities were 1-3 ng/g for lead. The technique is
similar to the hydride generators used for mercury, arsenic, and selenium. Other nonflame
atomization systems, electrode!ess discharge lamps, and other equipment refinements and tech-
nique developments have been reported (Horlick, 1982). More specialized AAS methods for the
determination of tetraalkyl lead compounds in water and fish tissue have been described by
Chau et al. (1979) and in air by Birnie and Noden (1980) and Rohbock et al. (1980).

Optical emission spectroscopy is based on the measurement of the light emitted by ele-
ments when they are excited in an appropriate energy medium. The technique has been used to
determine the lead content of soils, rocks, and minerals at the 5-10 ug/g level with a rela-
tive standard deviation of 5-10 percent; this method has also been applied to the analysis of
a large number of air samples. The primary advantage of this method is that it allows simul-
taneous measurement of a large number of elements in a small sample. In a study of environ-
mental contamination by automotive lead, sampling times were shortened by using a sampling
technique in which lead-free porous graphite was used both as the filter medium and as the
electrode in the spectrometer.

More recent activities have focused attention on the inductively coupled plasma (ICP)
system as a valuable means of excitation and analysis (Garbarino and Taylor, 1979). The ICP
system offers a higher degree of sensitivity with less analytical interference than is typical
of many of the other emission spectroscopic systems. Optical emission methods are inefficient
when used for analysis of a single element, since the equipment is expensive and a high level
of operator training is required. This problem is largely offset when analysis for several
elements is required, as is often the case for atmospheric aerosols.

X-ray fluorescence (XRF) allows simultaneous identification of several elements, in-
cluding lead, using a high-energy irradiation source. This technique offers the advantage
that sample degradation can be kept to a minimum. On the other hand, X-ray emission induced
by charged-particle excitation (proton-induced X-ray emission or PIXE) offers an attractive
alternative to the more common techniques. The excellent capability of accelerator beams for
X-ray emission analysis is partially due to the relatively low background radiation associated
with the excitation; this is the basis of the electron microprobe method of analysis. When an
intense electron beam is incident on a sample, it produces several forms of radiation, in-
cluding X-rays, whose wavelengths depend on the elements present in the material and whose
intensities depend on the relative quantities of these elements. The method is unique in pro-
viding compositional information on individual lead particles, thus permitting the study of
dynamic chemical changes and perhaps allowing improved source identification.
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Isotope dilution mass spectrometry (IDMS) is the most accurate measurement technique
known at the present time. No other techniques serve more reliably as a comparative refer-
ence; it has been used for analyses of subnanogram concentrations of lead in a variety of sam-
ple types (Chow et al., 1969, 1974; Facchetti and Geiss, 1982; Hirao and Patterson, 1974;
Murozumi et al., 1969; Patterson et al., 1976; Rabinowitz et al., 1973). The isotopic compo-
sition of lead peculiar to various ore bodies and crustal sources may also be used as a means
of tracing the origin of anthropogenic lead.

Colorimetric or spectrophotometric analysis for lead using dithizone (diphenylthiocarba-
zone) as the reagent has been used for many years. It was the primary method recommended by a
National Academy of Sciences (1972) report on lead, and the basis for the tentative method of
testing for lead in the atmosphere by the American Society for Testing and Materials (1975b).
Prior to the development of the IDMS method, colorimetric analysis served as the reference by
which other methods were tested.

Analytical methods based on electrochemical phenomena are found in a variety of forms.
They are characterized by a high degree of sensitivity, selectivity, and accuracy derived from
the relationship between current, charge, potential, and time for electrolytic reactions in
solutions. Anodic stripping voltammetry (ASV) is a two-step process in which the lead is pre-
concentrated onto a mercury electrode by an extended but selected period of reduction. After
the reduction step, the potential is scanned either linearly or by differential pulse to oxi-
dize the lead and allow measurement of the oxidation (stripping) current.

The majority of analytical methods are restricted to measurement of total lead and cannot
directly identify the various compounds of lead. Gas chromatography (GC) using the electron
capture detector has been demonstrated to be useful for organolead compounds. The use of
atomic absorption as the GC detector for organolead compounds has been described by De Jonghe
et al. (1981), while a plasma emission detector has been used by Estes et al. (1981). In ad-
dition, Messman and Rains (1981) have used liquid chromatography with an atomic absorption
detector to measure organolead compounds. Mass spectrometry may also be used with gas chroma-
tography (Mykytiuk et al., 1980).

1.5 SOURCES AND EMISSIONS
Lead is a naturally occurring element that may be found in the earth's crust and in all

components of the biosphere. It may be found in water, soil, plants, animals, and humans.
Because lead also occurs in ore bodies that have been mined for centuries by man, this metal
has been distributed throughout the biosphere by the industrial activities of man. Of partic-
ular importance to the human environment are emissions of lead to the atmosphere. The sources
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of these emissions and the pathways of lead through the environment to man are shown in Figure
1-3. This figure shows natural inputs to soil by crustal weathering and anthropogenic inputs
to the atmosphere from automobile emissions and stationary industrial sources. Natural emis-
sions of lead to the atmosphere from volcanoes and windblown soil are of minor importance.

AUTO
EMISSIONS

INDUSTRIAL
EMISSIONS

CRUSTAL
WEATHERING

SURFACE AND
GROUND WATER

AMBIENT
AIR

PAINT
PIGMENTS

INHALED
AIR

DRINKING
WATER

FECES

Figure 1-3. Pathways of lead from the environment to man, main compartments
involved in partitioning of internal body burden of absorbed/retained lead, and
main routes of lead excretion.
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From these emission sources, lead moves through the atmosphere to various components of
the human environment. Lead is deposited on soil and plants and in animals, becoming incor-
porated into the food chain of man. Atmospheric lead is a major component of household and
street dust; lead is also inhaled directly from the atmosphere.

The history of global lead emissions has been assembled from chronological records of de-
position in polar snow strata, marine and freshwater sediments, and the annual rings of trees.
These records aid in establishing natural background levels of lead in air, soils, plants,
animals, and humans, and they document the sudden increase in atmospheric lead at the time of
the industrial revolution, with a later burst during the 1920's when lead-alkyls were first
added to gasoline. Pond sediment analyses have shown a 20-fold increase in lead deposition
during the last 150 years (Figure 1-4), documenting not only the increasing use of lead since
the beginning of the industrial revolution in western United States, but also the relative
fraction of natural versus anthropogenic lead inputs. Other studies have shown the same
magnitude of increasing deposition in freshwater marine sediments. The pond and marine sedi-
ments also document the shift in isotopic composition of atmospheric lead caused by increased
commercial use of the New Lead Belt in Missouri, where the ore body has an isotopic composi-
tion substantially different from other ore bodies of the world.

Perhaps the best chronological record is that of the polar ice strata of Murozumi et al.
(1969), which extends nearly three thousand years back in time (Figure 1-4). At the South
Pole, Boutron (1982) observed a 4-fold increase of lead in snow from 1957 to 1977 but saw no
increase from 1927 to 1957. The author suggested the extensive atmospheric lead pollution
that began in the 1920's did not reach the South Pole until the mid-1950's. This interpreta-
tion agrees with that of Maenhaut et al. (1979), who found atmospheric concentrations of lead
of 0.000076 ug/m3 at the same location. This concentration is about 3-fold higher than the
0.000024 ug/m3 estimated by Patterson (1980) and Servant (1982) to be the natural lead concen-
tration in the atmosphere. In summary, it is likely that atmospheric lead emissions have
increased 2000-fold since the pre-Roman era, that even at this early time the atmosphere may
have been contaminated by a factor of three over natural levels (Murozumi et al. 1969), and
that global atmospheric concentrations have increased dramatically since the 1920's.

The history of global emissions may also be inferred from total production of lead. The
historical picture of lead production has been pieced together from many sources by Settle and
Patterson (1980) (Figure 1-5). Until the industrial revolution, lead production was deter-
mined largely by the ability or desire to mine lead for its silver content. Since that time,
lead has been used as an industrial product in its own right, and efforts to improve smelter
efficiency, including control of stack emissions and fugitive dusts, have made lead production
more economical. This improved efficiency is not reflected in the chronological record
because of atmospheric emissions of lead from many other anthropogenic sources, especially

1-13



1.0

0.9

0.8

0.7

a 0.6
* 0.5
u
E 0.4

0.3

0.2

0.1

1750 1775 1800 1825 1850 1875

YEAR

1900 1925 1950 1975

Figure 1-4. Chronological record of the relative increase of lead in snow strata, pond
and lake sediments, marine sediments, and tree rings. The data are expressed as a
ratio of the latest year of the record and should not be interpreted to extend back in
time to natural or uncontaminated levels of lead concentration.

Source: Adapted from Murozumi et al. (1969) (O), Shirahata at al. (1980) (D). Edgington
and Robbins (1976) (A ). Ng and Patterson (1982) ( A). and Rolfe (1974) ( • ).

gasoline combustion. From this knowledge of the chronological record, it is possible to sort
out contemporary anthropogenic emissions from natural sources of atmospheric lead.

Natural lead enters the biosphere from lead-bearing minerals in the lithosphere. In
natural processes, lead is first incorporated in soil in the active root zone, from which it
may be absorbed by plants, leached Into surface waters, or eroded into windborne dusts.
Calculations of natural contributions using geochemical information indicate that the
natural particulate lead level is less than 0.0005 ug/m3 (National Academy of Sciences, 1980),
and probably lower than the 0.000076 ug/m3 measured at the South Pole (Maenhaut et 'al. , 1979).
In contrast, lead concentrations in some urban environments may range as high as 6 ug/m3 (U.S.
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Environmental Protection Agency, 1979, 1978). Evidently, most of this urban participate lead
originates from man-made sources.

Lead occupies an important position in the U.S. economy, ranking fifth among all metals
in tonnage used. Approximately 85 percent of the primary lead produced in this country is
from native mines, although often associated with minor amounts of zinc, cadmium, copper,
bismuth, gold, silver, and other minerals (U.S. Bureau of Mines, 1972-1982). Missouri lead
ore deposits account for approximately 80-90 percent of the domestic production. Total utili-
zation averaged approximately 1.36xl06 metric t/yr over the 10-year period, with storage bat-
teries and gasoline additives accounting for approximately 70 percent of total use. Certain
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products, especially batteries, cables, plumbing, weights, and ballast, contain lead that is
economically recoverable as secondary lead. Lead in pigments, gasoline additives, ammunition,
foil, solder, and steel products is widely dispersed and therefore is largely unrecoverable.
Approximately 40-50 percent of annual lead production is recovered and eventually recycled.

Lead or its compounds may enter the environment at any point during mining, smelting,
processing, use, recycling, or disposal. Estimates of the dispersal of lead emissions into
the environment by principal sources indicate that the atmosphere is the major initial recipi-
ent. Estimated lead emissions to the atmosphere are shown in Table 1-1. Mobile and station-
ary sources of lead emissions, although found throughout the nation, tend to be concentrated
in areas of high population density, and near smelters. Figure 1-6 shows the approximate
locations of major lead mines, primary and secondary smelters and refineries, and alkyl lead
paints (International Lead Zinc Research Organization, 1982).

The majority of lead compounds found in the atmosphere result from leaded gasoline com-
bustion. Several reports indicate that transportation sources contribute about 90 percent of
the total atmospheric lead. Other mobile sources, including aviation use of leaded gasoline
and diesel and jet fuel combustion, contribute insignificant lead emissions to the atmosphere.

Automotive lead emissions occur as PbBrCl in fresh exhaust particles. The fate of emit-
ted lead particles depends upon particle size. Particles initially formed by condensation of
lead compounds in the combustion gases are quite small (well under 0.1 pm in diameter). Parti-
cles in this size category are subject to growth by coagulation and, when airborne, can remain
suspended in the atmosphere for 7-30 days and travel thousands of miles from their original
source. Larger particles are formed as the result of agglomeration of smaller condensation
particles and have limited atmospheric lifetimes.

During the lifetime of the vehicle, approximately 35 percent of the lead contained in the
gasoline burned by the vehicle is emitted as small particles (<0.25 urn MMAD), and approximate-
ly 40 percent is emitted as larger particles (>10 urn MMAD) (Ter Haar et al. , 1972). The
remainder of the lead consumed in gasoline combustion is deposited in the engine and exhaust
system.

Although the majority (>90 percent on a mass basis) of vehicular lead compounds are emit-
ted as inorganic particles (e.g., PbBrCl), some organolead vapors (e.g., lead alkyls) are also
emitted. The largest volume of organolead vapors arises from the manufacture, transport, and
handling of leaded gasoline. Such vapors are photoreactive, and their presence in local atmo-
spheres is transitory. Organolead vapors are most likely to occur in occupational settings
and have been found to contribute less than 10 percent of the total lead present in the atmo-
sphere.
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TABLE 1-1. ESTIMATED ANTHROPOGENIC LEAD EMISSIONS TO THE ATMOSPHERE FOR THE
UNITED STATES, 1984

Annual (1984) Percentage of
emissions, total U.S.

Source Category (t/yr) emissions

Gasoline combustion

Waste oil combustion
Solid waste disposal
Coal combustion
Oil combustion

Gray iron production
Iron and steel production
Secondary lead smelting
Primary copper smelting
Ore crushing and grinding
Primary lead smelting
Zn smelting
Other metallurgical

Lead alkyl manufacture
Lead acid battery manufacture
Portland cement production

Miscellaneous

Total

34,881

781
352
265
115

54
427
278
29
116
1150
116
11

224
112
70

35

39,016a

89.4%

2.0
0.9
0.7
0.3

0.1
1.1
0.7
0.1
0.3
2.8
0.3
0.1

0.6
0.3
0.2

0.1

100%

Inventory does not include emissions from exhausting workroom air, burning of lead-painted
surfaces, welding of lead-painted steel structures, or weathering of painted surfaces.

Source: Updated from Battye (1983).

The use of lead additives in gasoline, which increased in volume for many years, is now
decreasing both because automobiles designed t.o use unleaded fuel constitute the major portion
of the automotive population and because of two regulations promulgated by the U.S. Environ-
mental Protection Agency (F.R., 1973 December 6). The first required the availability of
unleaded fuel for use in automobiles designed to meet federal emission standards with lead-
sensitive emission control devices (e.g., catalytic converters); the second required a reduc-
tion or phase-down of the lead content in leaded gasoline. The trend in lead content for U.S.
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gasolines is shown in Figure 1-7. Of the total gasoline pool, which includes both leaded and
unleaded fuels, the average lead content decreased 73 percent, from an average of 1.62 g/gal
in 1975 to 0.44 g/gal in 1984. The current allowable lead content of unleaded gasoline is
0.1 g/gal (F.R., 1985; March 7).

Data describing the lead consumed in gasoline and average ambient lead levels (composite
of maximum quarterly values) versus calendar year are plotted in Figure 1-8. Between 1975 and
1984, the lead consumed in gasoline decreased 73 percent (from 167,400 to 46,000 metric tons)
while the corresponding composite maximum quarterly average of ambient lead decreased 71 per-
cent (from 1.23 to 0.36 ug/m3). This indicates that control of lead in gasoline over the past
several years has effected a direct decrease in peak ambient lead concentrations.

Solid waste incineration and combustion of waste oil are principal contributors of lead
emissions from stationary sources. The manufacture of consumer products such as lead glass,
storage batteries, and lead additives for gasoline also contributes significantly to station-
ary source lead emissions. Since 1970, the quantity of lead emitted from the metallurgical
industry has decreased somewhat because of the application of control equipment and the clos-
ing of several plants, particularly in the zinc and pyrometallurgical industries.

A new locus for lead emissions emerged in the mid-1960s with the opening of the "Viburnum
Trend" or "New Lead Belt" in southeastern Missouri. The presence of eight mines and three ac-
companying lead smelters in this area makes it the largest lead-producing district in the
world.

1.6 TRANSPORT AND TRANSFORMATION
1.6.1 Atmospheric Transport

At any particular location and time, the concentration of lead found in the atmosphere
depends on the proximity to the source, the amount of lead emitted from sources, and the de-
gree of mixing provided by the motion of the atmosphere. Lead emissions at the tailpipe are
typically around 24,000 ug/m3, while lead values in city air are usually between 0.1 and 10
ug/m3. These reduced concentrations are the result of dilution of effluent gas with clean air
and the removal of particles by wet or dry deposition. Characteristically, lead concentra-
tions are highest in confined areas close to sources and are progressively reduced by dilution
or deposition in districts more removed from sources. In parking garages or tunnels, atmos-
pheric lead concentrations can be ten to a thousand times greater than values measured near
roadways or in urnan areas. In turn\ atmospheric lead concentrations are usually about 24
times greater in the central city than in residential suburbs. Rural areas have even lower
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concentrations. Particle size distribution stabilizes within a few hundred kilometers of the
sources, although atmospheric concentration continues to decrease with distance. Ambient
organolead concentrations decrease more rapidly than inorganic lead, suggesting conversion
from the organic to the inorganic phase during transport.

Whitby et al. (1975) placed atmospheric particles into three different size regimes: the
nuclei mode (<0.1 urn); the accumulation mode (0.1-2 urn); and the large particle mode (>2 urn).
At the source, lead particles are generally in the nuclei and large particle modes. Large
particles are removed by deposition close to the source and particles in the nuclei mode dif-
fuse to surfaces or agglomerate while airborne to form larger particles of the accumulation
mode. Thus it is in the accumulation mode that particles are dispersed great distances.

Particles in air streams are subject to the same principles of fluid mechanics as par-
ticles in flowing water. The first principle is that of diffusion along a concentration gra-
dient. If the airflow is steady and free of turbulence, the rate of mixing is determined by
the diffusivity of the pollutant. By making generalizations of windspeed, stability, and sur-
face roughness, it is possible to construct models using a variable transport factor called
eddy diffusivity (K), in which K varies in each direction, including vertically. There is a
family of K-theory models that describe the dispersion of particulate pollutants. The
simplest K-theory model produces a Gaussian plume, called such because the concentration of
the pollutant decreases according to a normal or Gaussian distribution in both the vertical
and horizontal directions. These models have some utility and are the basis for most of the
air quality simulations performed to date. Another family of models is based on the conserva-
tive volume element approach, where volumes of air are seen as discrete parcels having conser-
vative meteorological properties. The effect of pollutants on these parcels of air, which may
be considered to move along a trajectory that follows the advective wind direction, is ex-
pressed as a mixing ratio. None of the models have been tested for lead, and all require sam-
pling periods of two hours or less in order for the sample to conform to a well-defined set of
meteorological conditions; in most cases, such a sample would be below the detection limits
for lead. The common pollutant used to test models is SQ2, which can be measured over very
short, nearly instantaneous, time periods. The question of whether gaseous S02 can be used as
a surrogate for particulate lead in these models remains to be answered.

Dispersion within confined situations, such as parking garages, residential garages, and
tunnels, and away from expressways and other roadways not influenced by complex terrain fea-
tures depends on emission rates and the volume of clean air available for mixing. These fac-
tors are relatively easy to estimate and some effort has been made to describe ambient lead
concentrations that can result under selected conditions. On an urban scale, the routes of
transport are not clearly defined, but can be inferred from an isopleth diagram, i.e., a plot
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connecting points of identical ambient concentrations. These plots always show that lead con-
centrations are maximum where traffic density is highest.

Dispersion beyond cities to regional and remote locations is complicated by the fact that
there are no monitoring network data from which to construct isopleth diagrams, that removal
by deposition plays a more important role with time and distance, and that emissions from many
different geographic locations and sources converge. Dispersion from point sources such as
smelters and refineries results in a concentration distribution pattern similar to urban
dispersion, although the available data are notably less abundant. The 11 mines and 5 primary
smelters and refineries shown in Figure 1-6 are not located in urban areas. Most of the 39
secondary smelters and refineries are likewise non-urban. Consequently, dispersion from these
point sources should be considered separately, but in a manner similar to the treatment of
urban regions. In addition to lead concentrations in air, concentrations in soil and on vege-
tation surfaces are often used to determine the extent of dispersion away from smelters and
refineries.

Beyond the immediate vicinity of urban areas and smelter sites, lead in air declines
rapidly to concentrations of 0.1-0.5 ug/m3. Two mechanisms responsible for this change are
dilution with clean air and removal by deposition. Some attempts have been made to reconcile
air concentrations and deposition in remote locations with emission sources. Source reconcil-
iation is based on the concept that each type of natural or anthropogenic emission has a
unique combination of elemental concentrations. Measurements of ambient air, properly
weighted during multivariate regression analysis, should reflect the relative amount of
pollutant derived from each of several sources (Stolzenburg et al., 1982). Sievering et al.
(1980) used the method of Stolzenburg et al. (1982) to analyze the transport of urban air from
Chicago over Lake Michigan. They found that 95 percent of the lead in Lake Michigan air could
be attributed to various anthropogenic sources, namely auto emissions, coal fly ash, cement
manufacture, iron and steel manufacture, agricultural soil dust, construction soil dust, and
incineration emissions. Cass and McRae (1983) used source reconciliation in the Los Angeles
Basin to interpret 1976 NFAN data based on emission profiles from several sources. Their
chemical element balance model showed that 20-22 percent of the total suspended particle mass
could be attributed to highway sources.

Harrison and Williams (1982) determined air concentrations, particle size distributions,
and total deposition flux at one urban and two rural sites in England. The urban site, which
had no apparent industrial, commercial, or municipal emission sources, had an air lead concen-
tration of 3.8 M9/m3, whereas the two rural sites were about 0.15 ug/m3. The average particle
size became smaller toward the rural sites, as the MMAD shifted downward from 0.5 to 0.1 pm.

1-23



Purdue et al. (1973) measured both particulate and organic lead in atmospheric samples.
They found that the vapor phase lead was about 5 percent of the total lead in most samples.
It is noteworthy, however, that in an underground garage, total lead concentrations were
approximately five times those in ambient urban atmospheres, and the organic lead increased to
approximately 17 percent.

Knowledge of lead concentrations in the oceans and glaciers provides some insight into
the degree of atmospheric mixing and long-range transport. Patterson and co-workers have
measured dissolved lead concentrations in sea water off the coast of California, in the
Central North Atlantic (near Bermuda), and in the Mediterranean. The profile obtained in the
central northeast Pacific by Schaule and Patterson (1980) is shown in Figure 1-9. These
investigators calculated that industrial lead currently is being added to the oceans at about
10 times the rate of introduction by natural weathering, with significant amounts being
removed from the atmosphere by wet and dry deposition directly into the ocean. Their data
suggest considerable contamination of surface waters near shore, diminishing toward the open
ocean.

Ninety percent of the particulate pollutants in the global troposphere are injected in
the northern hemisphere (Robinson and Robbins, 1971). Since the residence times for particles
in the troposphere are much less than the interhemispheric mixing time, it is unlikely that
significant amounts of particulate pollutants can migrate from the northern to the southern
hemisphere via the troposphere. Murozumi et al. (1969) have shown that long-range transport
of lead particles emitted from automobiles has significantly polluted the polar glaciers.
They collected samples of snow and ice from Greenland (Figure 1-10) and the Antarctic. The
authors attribute the gradient increase after 1750 to the Industrial Revolution and the accel-
erated increase after 1940 to the increased use of lead alkyls in gasoline. The most recent
levels found in the Antarctic snows were, however, less than those found in Greenland by a
factor of 10 or more.

Evidence from remote areas of the world suggests that lead and other fine particle com-
ponents are transported substantial distances, up to thousands of kilometers, by general
weather systems. The degree of surface contamination of remote areas with lead depends both
on weather influences and on the degree of air contamination. However, even in remote areas,
man's primitive activities can play an important role in atmospheric lead levels.

1.6.2 Deposition
Before atmospheric lead can have any effect on organisms or ecosystems, it must be trans-

ferred from the air to a surface. For natural ground surfaces and vegetation, this process
may be either dry or wet deposition. Transfer by dry deposition requires that the particle
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move from the main airstream through the boundary layer to a surface. The boundary layer is
defined as the region of minimal air flow Immediately adjacent to that surface. The thickness
of the boundary layer depends mostly on the windspeed and roughness of the surface. Airborne
particles do not follow a smooth, straight path in the airstream. On the contrary, the path
of a particle may be affected by micro-turbulent air currents, gravitation, or its own iner-
tia. There are several mechanisms that may alter the particle path sufficient to cause trans-
fer to a surface. These mechanisms are a function of particle size, windspeed, and surface
characteristics.

Particles transported to a surface by any mechanism are said to have an effective deposi-
tion velocity (Vrf) which is measured not by rate of particle movement but by accumulation on a
surface as a function of air concentration. Several recent models of dry deposition have
evolved from the theoretical discussion of Fuchs (1964) and the wind tunnel experiments of
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Chamberlain (1966). The models of Slinn (1982) and Davidson et al. (1982) are particularly
useful for lead deposition. Slinn's model considers a multitude of vegetation parameters to
find several approximate solutions for particles in the size range of 0.1-1.0 urn MMAD, estima-
ting deposition velocities of 0.01-0.1 cm/sec. The model of Davidson et al. (1982) is based
on detailed vegetation measurements and wind data to predict a V, of 0.05-1.0 cm/sec; deposi-
tion velocities are specific for each vegetation type. Both models show a decrease in deposi-
tion velocity as particle size decreases down to about 0.1-0.2 urn MMAD; as diameter decreases
further from 0.1 to 0.001 urn MMAD, deposition velocity increases.

Several investigators have used surrogate surface devices to measure dry deposition
rates. The few studies available on deposition of lead on vegetation surfaces show rates com-
parable to those of surrogate surfaces and deposition velocities in the range predicted by the
models discussed above (Table 1-2). These data show that global emissions are in approximate
balance with global deposition. The geochemical mass balance of lead in the atmosphere may be
determined from quantitative estimates of inputs and outputs. Inputs amount to 450,000-
475,000 metric tons annually. The amount of lead removed by wet deposition is approximately
208,000 metric t/yr (Table 1-3). The deposition flux for each vegetation type shown on
Table 1-3 totals 202,000 metric t/yr. The combined wet and dry deposition is 410,000 metric
tons, which compares favorably with the estimated 450,000 - 475,000 metric tons of emissions.

Concentrations of lead in ground water appear to decrease logarithmically with distance
from a roadwa.. Rainwater runoff has been found to be an important transport mechanism in the
removal of lead from a roadway surface in a number of studies. Apparently, only a light rain-
fall, 2-3 mm, is sufficient to remove 90 percent of the lead from the road surface to sur-
rounding soil and to waterways. The lead concentrations in off-shore sediments often show a
marked increase corresponding to anthropogenic activity in the region. Rippey et al. (1982)
found such increases recorded in the sediments of Lough Neagh, Northern Ireland, beginning
during the 1600's and increasing during the late 1300's. Data on recent lead levels indicate
an average anthropogenic flux of 72 mg/m2-yr, of which 27 mg/m2-yr could be attributed to
direct atmospheric deposition. Prior to 1650, the total flux was 12 mg/m2-yr, so there has
been a 6-fold increase since that time. Ng and Patterson (1982) found prehistoric fluxes of
1-7 mg Pb/m2-yr to three offshore basins in southern California, which have now increased 3-to
9-fold to 11-21 mg/m2-yr. Much of this lead is deposited directly from sewage outfalls,
although at least 25 percent probably comes from the atmosphere.
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TABLE 1-2. SUMMARY OF SURROGATE AND VEGETATION SURFACE DEPOSITION OF LEAD

Depositional surface
Flux,

ng Pb/cm2/day
Air cone,
ng/m3

Deposition velocity,
cm/sec Reference

Tree leaves (Paris) 0.38

Tree leaves (Tennessee) 0.29-1.2

Plastic disk (remote 0.02-0.08
Cal i form'a)

Plastic plates 0.29-1.5
(Tennessee)

13-31

110

0.086

0.05-0.4

0.05-0.06

Tree leaves (Tennessee) — 110 0.005

Snow (Greenland) 0.004 0.1-0.2 0.1

Grass (Pennsylvania) — 590 0.2-1.1

Coniferous forest (Sweden) 0.74 21 0.41

4

5

6

7

1. Servant, 1975
2. Lindberg et al . , 1982
3. Elias and Davidson, 1980
4. Lindberg and Harriss, 1981
5. Davidson et al., 1981c, 1981b
6. Davidson et al . , 1982
7. Lannefors et al., 1983

1.6.3 Transformation
Lead is emitted into the air from automobiles as lead halides and as double salts with

ammonium halides (e.g., PbBrCl • 2NH4C1). From mines and smelters, PbS04, PbO-PbS04, and PbS
appear to be the dominant species. In the atmosphere, lead is present mainly as the sulfate
with minor amounts of halides. It is not completely clear just how the chemical composition
changes in transport.

The ratio of Br to Pb is often cited as an indication of automotive emissions. From the
mixtures commonly used in gasoline additives, the mass Br/Pb ratio should be 0.4-0.5. How-
ever, several authors have reported loss of halide, preferentially bromine, from lead salts in
atmospheric transport; both photochemical decomposition and acidic gas displacement have been
postulated as mechanisms. The Br/Pb ratios may be only crude estimates of automobile emis-
sions; this ratio would decrease with distance from the highway from 0.39 to 0.35 at less
proximate sites and 0.25 in suburban residential areas. For an aged aerosol, the Br/Pb mass
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TABLE 1-3. ESTIMATED GLOBAL DEPOSITION OF ATMOSPHERIC LEAD

Mass of water,
1017 kg/yr

Lead concentration,
10-6 g/kg

Lead deposition,
106 kg/yr

Wet
To oceans
To continents

Dj-y

4.1
1.1

Area
1012 m2

0.4
0.4

Deposition rate
10-3 g/m2-yr

164
44

Deposition
106 kg/yr

To oceans, ice caps, deserts

Grassland, agricultural

405 0.2 89

areas, and tundra

Forests

46 0.71

59 1.5

Total dry:

Total wet:

Global:

33

80

202

208

410

Source: This report.

ratio is usually about 0.22. Habibi et al. (1970) studied the composition of auto exhaust
particles as a function of particle size. Their main conclusions follow:

1. The chemical composition of emitted exhaust particles is related to particle
size.

2. There is considerably more soot and carbonaceous material associated with fine-
mode particles than with coarse-mode particles. Particulate matter emitted
under typical driving conditions is rich in carbonaceous material.

3. Only small quantities of 2PbBrCl-NH4C1 were found in samples collected at the
tailpipe from the hot exhaust gas. Lead-halogen molar ratios in particles of
less than 10 urn MMAD indicate that much more halogen is associated with these
solids than the amount expected from the presence of 2PbBrCl-NH4C1.

Lead sulfide is the main constituent of samples associated with ore handling and fugitive
dust from open mounds of ore concentrate. The major constituents from sintering and blast
furnace operations appeared to be PbS04 and PbO-PbS04, respectively.
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Atmospheric lead may enter the soil system by wet or dry deposition mechanisms. Lead
could be immobilized by precipitation as less soluble compounds [PbC03, Pb(P04)2], by ion ex-
change with hydrous oxides or clays, or by chelation with humic (HA) and fulvic (FA) acids.
Lead immobilization is more strongly correlated with organic chelation than with iron and
managanese oxide formation (Zimdahl and Skogerboe, 1977). The total capacity of soil to im-
mobilize lead can be predicted from the linear relationship developed by Zimdahl and Skogerboe
(1977) (Figure 1-11) based on the equation:

N = [2.8 x 10"6 (A)] + [1.1 x 10"5 (B)] - 4.9 x 10"5

where N is the saturation capacity of the soil expressed in moles/g soil, A is the cation ex-
change capacity of the soil in meq/100 g soil, and B is the pH.

The soil humus model also facilitates the calculation of lead in soil moisture using
values available in the literature for conditional stability constants (K) with fulvic acid.
The values reported for log K are linear in the pH range of 3-6 so that interpolations in the
critical range of pH 4-5.5 are possible (Figure 1-11). Thus, at pH 4.5, the ratio of com-
plexed lead to ionic lead is expected to be 3.8 x 103. For soils of 100 ug/g, the ionic lead
in soil moisture solution would be 0.03 ug/g. It is also important to consider the stability
constant of the Pb-FA complex relative to other metals. At normal soil pH levels of 4.5-8,
lead is bound to FA + HA in preference to many other metals that are known plant nutrients
(Zn, Mn, Ca, and Mg).

Soils have both a liquid and solid phase, and trace metals are normally distributed be-
tween these two phases. In the liquid phase, metals may exist as free ions or as soluble com-
plexes with organic or inorganic ligands. Since lead rarely occurs as a free ion in the
liquid phase, its mobility in the soil solution depends on the availability of organic or
inorganic ligands. The liquid phase of soil often exists as a thin film of moisture in inti-
mate contact with the solid phase. The availability of metals to plants depends on the equi-
librium between the liquid and solid phase. In the solid phase, metals may be incorporated
into crystalline minerals of parent rock material and secondary clay minerals or precipitated
as insoluble organic or inorganic complexes. They may also be adsorbed onto the surfaces of
any of these solid forms. Of these categories, the most mobile form is in soil moisture,
where lead can move freely into plant roots or soil microorganisms with dissolved nutrients.
The least mobile is parent rock material, where lead may be bound within crystalline struc-
tures over geologic periods of time; intermediate are the lead complexes and precipitates.
Transformation from one form to another depends on the chemical environment of the soil. The
water-soluble and exchangeable forms of metals are generally considered available for plant
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Rgure1-11. Variation of lead saturation capacity with cation exchange
capacity in soil at selected pH values.

Source. Data from Zimdahl and Skogerboe (1977).

uptake. In normal soils, only a small fraction of the total lead is in exchangeable form
(about 1 ug/9) and none exists as free lead ions. Of the exchangeable lead, 30 percent exists
as stable complexes, 70 percent as labile complexes.

An outstanding characteristic of lead is its tendency to form compounds of low solubility
with the major anions of natural water. The hydroxide, carbonate, sulfide, and more rarely
the sulfate may act as solubility controls in precipitating lead from water. The amount of
lead that can remain in solution is a function of the pH of the water and the dissolved salt
content. A significant fraction of the lead carried by river water may be in an undissolved
state. This insoluble lead can consist of colloidal particles in suspension or larger undis-
solved particles of lead carbonate, -oxide, -hydroxide, or other lead compounds incorporated
in other components of particulate lead from runoff; it may occur either as sorbed ions or
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surface coatings on sediment mineral particles or be carried as a part of suspended living or
nonliving organic matter.

The bulk of organic compounds in surface waters originates from natural sources.
(Neubecker and Alien, 1983). The humic and fulvic acids that are primary complexing agents in
soils are also found in surface waters at concentrations of 1-5 mg/1, occasionally exceeding
10 mg/1. The presence of fulvic acid in water has been shown to increase the rate of solution
of lead sulfide 10-60 times over that of a water solution at the same pH that did not contain
fulvic acid. At pH values near 7, lead-fulvic acid complexes are present in solution.

The transformation of inorganic lead, especially in sediment, to tetramethyllead (TML)
has been observed and biomethylation has been postulated. However, Reisinger et al. (1981)
have reported extensive studies of the methylation of lead in the presence of numerous bac-
terial species known to alkylate mercury and other heavy metals. In these experiments no
biological methylation of lead was found under any condition. Chemical alkylation from
methylcobalamine was found to occur in the presence of sulfide or of aluminum ion; chemical
methylation was independent of the presence of bacteria.

1.7 ENVIRONMENTAL CONCENTRATIONS AND POTENTIAL PATHWAYS TO HUMAN EXPOSURE
In general, typical levels of human lead exposure may be attributed to four components of

the human environment: inhaled air, dusts of various types, food, and drinking water. A base-
line level of potential human exposure is determined for a normal adult eating a typical diet
.and living in a non-urban community. This baseline exposure is deemed to be unavoidable by
any reasonable means. Beyond this level, additive exposure factors can be determined for
other environments (urban, occupational, smelter communities), for certain habits and activi-
ties (smoking, drinking, pica, and hobbies), and for variations due to age, sex, or socio-
economic status.

1.7.1 Lead in Air
Ambient airborne lead concentrations may influence human exposure through direct inhala-

tion of lead-containing particles and through ingestion of lead that has been deposited from
the air onto surfaces. Our understanding of the pathways of human exposure is far from com-
plete because most ambient measurements are not taken in conjunction with studies of the con-
centrations of lead in man or in components of his food chain.

The most complete set of data on ambient air concentrations may be extracted from the
National Filter Analysis Network (NFAN) and its predecessors. In remote regions of the world,
air concentrations are two or three orders of magnitude lower than in urban areas, lending
credence to estimates of the concentrations of natural lead in the atmosphere. In the context
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of this data base, the conditions that modify ambient air (as measured by the monitoring net-
works) to air inhaled by humans cause changes in particle size distributions, changes with
vertical distance above ground, and differences between indoor and outdoor concentrations.

The wide range of concentrations is apparent from Table 1-4, which summarizes data ob-
tained from numerous independent measurements. Concentrations vary from 0.000076 ug/m3 in
remote areas to over 10 ug/m3 near sources such as smelters. Many of the remote areas are far
from human habitation and therefore do not reflect human exposure. However, a few of the
regions characterized by small lead concentrations are populated by individuals with primitive
lifestyles; these data provide baseline airborne lead data to which modern American lead expo-
sures can be compared.

The remote area concentrations reported in Table 1-4 do not necessarily reflect natural,
preindustrial lead. Murozumi et al. (1969) and Ng and Patterson (1981) have measured a 200-
fold increase in the lead content of Greenland snow over the past 3000 years. The authors
state that this lead originates in populated mid-latitude regions, and is transported over
thousands of kilometers through the atmosphere to the Arctic. All of the concentrations in
Table 1-4, including values for remote areas, have been influenced by anthropogenic lead emis-
sions. It seems likely that the concentration of natural lead in the atmosphere is between
0.00002 and 0.00007 ug/m3. A value of 0.00005 will be used for calculations regarding the
contribution of natural air lead to total human uptake.

The effect of the 1978 National Ambient Air Quality Standard for Lead has been to reduce
the air concentration of lead in major urban areas. Similar trends may also be seen in urban
areas of smaller population density. There are many factors that can cause differences
between the concentration of lead measured at a monitoring station and the actual inhalation
of air by humans. Air lead concentrations usually decrease with vertical and horizontal dis-
tance from emission sources, and are generally lower indoors than outdoors.

Because people spend much of their time indoors, ambient air data may not accurately in-
dicate actual exposure to airborne lead. Some studies show smaller indoor/outdoor ratios
during the winter, when windows and doors are tightly closed. Overall, the data suggest
indoor/outdoor ratios of 0.6-0.8 are typical for airborne lead in houses without air condi-
tioning. Ratios in air-conditioned houses are expected to be in the range of 0.3-0.5 (Yocom,
1982). Even detailed knowledge of indoor and outdoor airborne lead concentrations at fixed
locations may still be insufficient to assess human exposure to airborne lead. The study of
Tosteson et al. (1982) included measurement of airborne lead concentrations using personal
exposure monitors, carried by individuals going about their day-to-day activities. In con-
trast to the lead concentrations of 0.092 and 0.12 ug/m3 at fixed locations, the average per-
sonal exposure was 0.16 MQ/m3- The authors suggest that the use of fixed monitors to assess
exposure is inadequate at either indoor or outdoor locations.
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TABLE 1-4. ATMOSPHERIC LEAD IN URBAN, RURAL, AND REMOTE AREAS OF THE WORLD

Location

Urban
New York
Boston
St. Louis
Houston
Chicago
Los Angeles
Ottowa
Toronto
Montreal
Brussels
Turin
Riyadh, Saudi Arabia

Rural
New York Bight
United Kingdom
Italy
Belgium
111 inoi s •

Remote
White Mtn. , CA
High Sierra, CA
"Olympic Nat. Park, WA
Great Smoky Mtns. Nat.

Park, TN
Glacier Nat. Park, MT
South Pole
Thule, Greenland
Thule, Greenland
Prins Christian-

sund, Greenland
Dye 3, Greenland
Eniwetok, Pacific Ocean
Kumjung, Nepal
Bermuda
Abastumani Mtns. USSR

Sampling period

1978-79
1978-79
1973
1978-79
1979
1978-79
1975
1975
1975
1978
1974-79
1983

1974
1972
1976-80
1978
1973-74

1969-70
1976-77
1980

1979
1981
1974
1965
1978-79

1978-79
1979
1979
1979
1973-75
1979

Lead cone. ,
(ug/m3)

1.1
0.8
1.1
0.9
0.8
1.4
1.3
1.3
2.0
0.5
4.5
5.5

0.13
0.13
0.33
0.37
0.23

0.008
0.021
0.0022

0.015
0.0046
0.000076
0.0005
0.008

0.018
0.00015
0.00017
0.00086
0.0041
0.019

Reference

NEDS, 1982
NEDS, 1982
NEDS, 1982
NEDS, 1982
NEDS, 1982
NEDS, 1982
NAPS, 1971-1976
NAPS, 1971-1976
NAPS, 1971-1975
Roels et al. , 1980
Facchetti and Geiss, 1982
El-Shobokshy, 1984

Duce et al. , 1975
Cawse, 1974
Facchetti and Geiss, 1982
Roels et al. , 1980
Hudson et al. , 1975

Chow et al. , 1972
Eli as and Davidson, 1980
Davidson et al. , 1982

Davidson et al . , 1985
Davidson et al . , 1985
Maenhaut et al. , 1979
Murozumi et al . , 1969
He i dam, 1983

He i dam, 1983
Davidson et al . , 1981c
Settle and Patterson, 1982
Davidson et al. , 1981b
Duce et al . , 1976
Dzubay et al. , 1984
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1.7.2 Lead in Soil and Dust
Studies have determined that atmospheric lead is retained in the upper 2-5 cm of undis-

turbed soil, especially soils with at least 5 percent organic matter and a pH of 5 or above.
There has been no general survey of this upper 2-5 cm of the soil surface in the United
States, but several studies of lead in soil near roadsides and smelters and a few studies of
lead in soil near old houses with lead-based paint can provide the backgound information for
determining potential human exposures to lead from soil. Because lead is immobilized by the
organic component of soil, the concentration of anthropogenic lead in the upper 2-5 cm is
determined by the flux of atmospheric lead to the soil surface. Near roadsidesr this flux is
largely by dry deposition and the rate depends on particle size and concentration. In
general, deposition flux drops off abruptly with increasing distance from the roadway. This
effect is demonstrated in studies which show that surface soil lead decreases exponentially up
to 25 m from the edge of the road. Roadside soils may contain concentrations of atmospheric
lead ranging from 30 to 2000 ug/g in excess of natural levels within 25 meters of the roadbed,
all in the upper layer of the soil profile.

Near primary and secondary smelters, lead in soil decreases exponentially within a 5-10
km zone around the smelter complex. Soil lead contamination varies with the smelter emission
rate, length of time the smelter has been in operation, prevailing windspeed and direction,
regional climatic conditions, and local topography.

Urban soils may be contaminated from a variety of atmospheric and non-atmospheric
sources. The major sources of soil lead seem to be paint chips from older houses and deposi-
tion from nearby highways. Lead in soil adjacent to a house decreases with distance; this may
be due to paint chips or to dust of atmospheric origin washing from the rooftop (Wheeler and
Rolfe, 1979).

A definitive study that describes the source of soil lead was reported by Gulson et al.
(1981) for soils in the vicinity of Adelaide, South Australia. In an urban to rural transect,
stable lead isotopes were measured in the top 10 cm of soils over a 50 km distance. By their
isotopic compositions, three sources of lead were identified: natural, non-automotive indus-
trial lead from Australia, and tetraethyl lead manufactured in the United States. The results
indicated most of the soil surface lead originated from leaded gasoline.

Lead may be found in inorganic primary minerals, on humic substances, complexed with
Fe-Mn oxide films, on secondary minerals, or in soil moisture. All of the lead in primary
minerals is natural and is bound tightly within the crystalline structure of the minerals.
The lead on the surface of these minerals is leached slowly into the soil moisture.
Atmospheric lead forms complexes with humic substances or on oxide films that are in equi-
librium with soil moisture, although the equilibrium strongly favors the complexing agents.
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Except near roadsides and smelters, only a few micrograms of atmospheric lead have been added
to each gram of soil. Several studies indicate that this lead is available to plants and that
even with small amounts of atmospheric lead, about 75 percent of the lead in soil moisture is
of atmospheric origin.

Lead on the surfaces of vegetation may be of atmospheric origin. In internal tissues,
lead may be of both atmospheric and soil origin. As with soils, lead on vegetation surfaces
decreases exponentially with distance away from roadsides and smelters. This deposited lead is
persistent. It is neither washed off by rain nor taken up through the leaf surface. Lead on
the surface of leaves and bark is proportional to air lead concentrations and particle size
distributions. Lead in internal plant tissues is directly, although not linearly, related to
lead in soil.

1.7.3 Lead in Food
In a study to determine the background concentrations of lead and other metals in agri-

cultural crops, the Food and Drug Administration (Wolnik et a!., 1983), in cooperation with
the U.S. Department of Agriculture and the U.S. Environmental Protection Agency, analyzed over
1500 samples of the most common crops taken from a cross section of geographic locations.
Collection sites were remote from mobile or stationary sources of lead. Soil lead concentra-
tions were within the normal range (8-25 ug/g) of U.S. soils. The concentrations of lead in
crops are shown as "Total" concentrations on Table 1-5. The total concentration data should
probably be seen as representing the lowest concentrations of lead in food available to
Americans. The data on these ten crops suggest that root vegetables have lead concentrations
between 0.0046 and 0.009 M9/9. all of which is soil lead. Aboveground parts not exposed to
significant amounts of atmospheric deposition (sweet corn and tomatoes) have less lead inter-
nally. If it is assumed that this same concentration is the internal concentration for above-
ground parts for other plants, it is apparent that five crops have direct atmospheric deposi-
tion in proportion to surface area and estimated duration of exposure. The deposition rate of
0.04 ng/cm2-day in rural environments could account for these amounts of direct atmospheric
lead. Lead in food crops varies according to exposure to the atmosphere and in proportion to
the effort taken to separate husks, chaff, and hulls from edible parts during processing for
human or animal consumption. Root parts and protected aboveground parts contain natural lead
and indirect atmospheric lead, both of which are derived from the soil. For exposed above-
ground parts, any lead in excess of the average of unexposed aboveground parts is considered
to have been directly deposited from the atmosphere.
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TABLE 1-5. BACKGROUND LEAD IN BASIC FOOD CROPS AND MEATS
fresh weight)

Crop

Wheat
Potatoes
Field corn
Sweet corn
Soybeans
Peanuts
Onions
Rice
Carrots
Tomatoes
Spinach
Lettuce
Beef (muscle)
Pork (muscle)

Natural
Pb

0.0015
0.0045
0.0015
0.0015
0.021
0.005
0.0023
0.0015
0.0045
0.001
0.0015
0.0015
0.0002
0.0002

Indirect
atmospheric

0.0015
0.0045
0.0015
0.0015
0.021
0.005
0.0023
0.0015
0.0045
0.001
0.0015
0.0015
0.002
0.002

Direct
atmospheric

0.034
--

0.019
--
—
--
--
0.004
--
—
0.042
0.010
0.02
0.06

Totalt

0.037
0.009
0.022
0.003
0.042
0.010
0.0046
0.007
0.009
0.002
0.045
0.013
0.02*
0.06*

Except as indicated, data are from Wolnik et al. (1983, 1985).
*Data from Penumarthy et al. (1980).

1.7.4 Lead in Water
Lead occurs in untreated water in either dissolved or particulate form. Because atmos-

pheric lead in rain or snow is retained by soil, there is little correlation between lead in
precipitation and lead in streams that drain terrestrial watersheds. Rather, the important
factors seem to be the chemistry of the stream (pH and hardness) and the volume of the stream
flow. The concentration of lead in streams and lakes is also influenced by the lead content
of sediments. At neutral pH, lead moves from the dissolved to particulate form; the particles
eventually pass to sediments. At low pH, the reverse pathway is generally the case. Hard-
ness, which is a combination of the Ca and Mg concentration, can also influence the solubility
of lead; at higher concentrations of Ca and Mg, its solubility decreases.

For groundwater, chemistry is also important, as is the geochemical compos'tion of the
water-bearing bedrock. Municipal and private wells typically have a neutral pH and somewhat
higher-than-average hardness. Lead concentrations are not influenced by acid rain, surface
runoff, or atmospheric deposition. Rather, the primary determinant of lead concentration is>
the geochemical makeup of the bedrock that is the source of the water 'supply. Groundwater
typically ranges from 1 to 100 ug Pb/1 (National Academy of Sciences, 1980).
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Whether from surface or ground water supplies, municipal waters undergo extensive chem-
ical treatment prior to release to the distribution system. Although there is no direct ef-
fort to remove lead from the water supply, some treatments, such as flocculation and sedimen-
tation, may inadvertently remove lead along with other undesirable substances. On the other
hand, chemical treatment to soften water increases the solubility of lead and enhances the
possibility that lead will be added to water as it passes through the distribution system.
For samples taken at the household tap, lead concentrations are usually higher in the initial
volume (first daily flush) than after the tap has been running for some time. Water standing
in the pipes for several hours is intermediate between these two concentrations. (Sharrett et
al., 1982; Worth et al., 1981).

1.7.5 Baseline Exposures to Lead
Lead concentrations in environmental media that are in the pathway of human consumption

are summarized on Table 1-6. Because natural lead is generally three to four orders of magni-
tude lower than anthropogenic lead in ambient rural or urban air, all atmospheric contribu-
tions of lead are considered to be of anthropogenic origin. Natural soil lead typically
ranges from 10 to 30 ug/g, but much of this is tightly bound within the crystalline matrix of
soil minerals at normal soil pHs of 4-8. Lead in the organic fraction of soil is part natural
and part atmospheric. The fraction derived from fertilizer is considered to be minimal. In
undisturbed rural and remote soils, the ratio of natural to atmospheric lead is about 1:1,
perhaps as high as 1:3. This ratio persists through soil moisture and into internal plant
tissues.

TABLE 1-6. SUMMARY OF ENVIRONMENTAL CONCENTRATIONS OF LEAD

Medium

Air (urban)
Air (rural)

Soil total

Food crops

Surface water

Ground water

Natural
lead

(ug/m3)
(ug/m3)

(ug/g)

(pg/g)
(ug/g)
(pg/g)

0
0

0

0

0

. 00005

. 00005

8-25

.0025

. 00002

.003

Atmospheric
lead

0
0

3

0

0

.3 - 1.1

.15 - 0.3

- 5

.002 - 0.045

.005 - 0.030

--

Total
lead

0.3 -
0.15 -

10 - 30

0.002 -

0.005 -

0.001 -

1.1
0.3

0.045

0.030

0.1
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In tracking air lead through pathways of human exposure, it is necessary to distinguish
between atmospheric lead that has passed through the soil, called indirect atmospheric here,
and atmospheric lead that has deposited directly on crops or water. Because indirect atmos-
pheric lead will remain in the soil for many decades, this source is insensitive to projected
changes in atmospheric lead concentrations.

Initially, a current baseline exposure scenario is described for an individual with a
minimum amount of daily lead consumption. This person would live and work in a nonurban en-
vironment, eat a normal diet of food taken from a typical grocery shelf, and would have no
habits or activities that would tend to increase lead exposure. Lead exposure at the baseline
level is considered unavoidable without further reductions of lead in the atmosphere or in
canned foods. Most of the baseline lead is of anthropogenic origin.

To arrive at a minimum or baseline exposure for humans, it is necessary to begin with the
environmental components (air, soil, food crops, and water) that are the major sources of lead
consumed by humans (Table 1-6). These components are measured frequently, even monitored
routinely in the case of air, so that much data are available on their concentrations. But
there are several factors that modify these components prior to actual human exposure: We do
not breathe air as monitored at an atmospheric sampling station; we may be closer to or
farther from the source of lead than is the monitor; we may be inside a building, with or
without filtered air; water we drink does not come directly from a stream or river, but often
has passed through a chemical treatment plant and a distribution system. A similar type of
processing has modified the lead levels present in our food.

Besides the atmospheric lead in environmental components, there are two other industrial
components that contribute to this baseline of human exposure: paint pigments and lead
solder. Solder contributes directly to the human diet through canned food and copper water
distribution systems. Paint and solder are also a source of lead-bearing dusts. The most
common dusts in the baseline human environment aw street dusts and household dusts. They
originate as emissions from mobile or stationary sources, as the oxidation products of surface
exposure, or as products of frictional grinding processes. Dusts are different from soil, in
that soil derives from crustal rock and typically has a lead concentration of 10-30 ug/g,
whereas dusts come from both natural and anthropogenic sources and vary in lead concentration
from 1000 to 10,000 M9/9-

The route by which many people receive the largest portion of their daily lead intake is
via foods. Several studies have reported average dietary lead intakes in the range of 100-500
(jg/day for adults, with individual diets covering a much greater range (Nutrition Foundation,
1982). The sources of lead in plants and animals are air, soil, and untreated waters. Food
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crops and livestock contain lead in varying proportions from the atmosphere and natural
sources. From the farm to the dinner table, lead is added to food as it is harvested, trans-
ported, processed, packaged, and prepared. The sources of this lead are dusts of atmospheric
and industrial origin, metals used in grinding, crushing, and sieving, solder used in packag-
ing, and water used in cooking. It is assumed that this lead is all of direct atmospheric
origin. Direct atmospheric lead can be deposited directly on food materials by dry deposi-
tion, or it can be lead in dust that has collected on other surfaces, then transferred to
foods. For some of the food items, data are available on lead concentrations just prtor to
filling of cans. In the case where the food product has not undergone extensive modification
(e.g., cooking or added ingredients), the added lead was most likely derived from the atmos-
phere or from the machinery used to handle the product.

From the time a product is packaged in bottles, cans, or plastic containers until it is
opened in the kitchen, it may be assumed that no food item receives atmospheric lead. Most of
the lead that is added during this stage comes from the solder used to seal some types of
cans. Estimates by the Food and Drug Administration, prepared in cooperation with the
National Food Processors Association, suggested that lead in solder contributes more than 66
percent of the lead in canned foods where a lead solder side seam was used. This lead was
thought to represent a contribution of 20 percent to the total lead consumption in foods
(F.R., 1979, August 31). The contribution of the canning process to overall lead levels in
albacore tuna has been reported by Settle and Patterson (1980). The study showed that lead
concentrations in canned tuna are elevated above levels in fresh tuna by a factor of 4000.
Nearly all of the increase results from leaching of the lead from the soldered seam of the
can; tuna from an unsoldered can is elevated by a factor of only 20 compared with tuna fresh
from the sea. It is assumed that no further lead is added to food packaged in plastic or
paper containers, although there are no data to support or reject this assumption.

Studies that reflect contributions of lead added during kitchen preparation showed that
lead in acidic foods stored refrigerated in open cans can increase by a factor of 2-8 in five
days if the cans have a lead-soldered side seam not protected by an interior lacquer coating
(Capar, 1978). Comparable products in cans with the lacquer coating or in glass jars showed
little or no increase.

As a part of its program to reduce the total lead intake by children (0-5 years of age)
to less than 100 ug/day by 1988, the U.S. PDA estimated lead intakes for individual children
in a large-scale food consumption survey (Beloian and McDowell, 1981). Between 1973 and 1978,
intensive efforts were made by the food industry to remove sources of lead from infant food
items. By 1980, there had been a 47 percent reduction in the lead concentration of food con-
sumed by children in the age group 0-5 months and a 7 percent reduction for the 6- to 23-month
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age group. Most of this reduction was accomplished by the removal of soldered cans used for
infant formula.

Because the U.S. PDA is actively pursuing programs to decrease lead in adult foods, it is
probable that there will be a decrease in total dietary lead consumption over the next decade
independent of projected decreases in atmospheric lead concentration. With both sources of
lead minimized, the lowest reasonable estimated dietary lead consumption would be 10-15 M9/day
for adults and children. This estimate assumes that about 90 percent of the direct atmo-
spheric lead, solder lead, and lead of undetermined origin would be removed from the diet,
leaving 8 ug/day from these sources and 3 ug/day of natural and indirect atmospheric lead.

There have been several studies in North America and Europe of the sources of lead in
drinking water, and a concentration of 6-8 ug Pb/1 is often cited in the literature for speci-
fic locations. A recent study in Seattle, WA by Sharrett et al. (1982) showed that the age of
the house and the type of plumbing determined the lead concentration in tap water. Lead in
standing water from houses newer than five years (copper pipes) averaged 31 ug/1, while houses
less than 18 months old averaged about 70 M9/1- Houses older than five years and houses with
galvanized pipe averaged less than 6 ug/1. The source of the water supply, the length of the
pipe, and the use of plastic pipes in the service line had little or no effect on the lead
concentrations. It appears certain that the source of lead in new homes with copper pipes is
the solder used to join these pipes, and that this lead is eventually leached away with age.

Ingestion, rather than inhalation, of dust particles appears to be the greater problem in
the baseline environmental exposure, especially ingestion during meals and playtime activity
by small children. Although dusts are of complex origin, they may be conveniently placed into
a few categories relating to human exposure. Generally, the most convenient categories are
household dusts, soil dust, street dusts, and occupational dusts. It is a characteristic of
dust particles that they accumulate on exposed surfaces and are trapped in the fibers of
clothing and carpets. Two other features of dusts are important: first, they must be de-
scribed in both concentration and amount. For example, the concentration of lead in street
dust may be the same in a rural and urban environment, but the amount of dust may differ by a
wide margin. Secondly, each category represents some combination of sources. Household dusts
contain some atmospheric lead, some paint lead, and some soil lead; street dusts contain
atmospheric, soil, and occasionally paint lead. For the baseline human exposure, it is
assumed that humans are not exposed to occupational dusts, nor do they live in houses with
interior leaded paints. Street dust, soil dust, and some household dust are the primary
sources for baseline potential human exposure.

In considering the impact of street dust on the human environment, the obvious question
arises as to whether lead in street dust varies with traffic density. It appears that in non-
urban environments, lead in street dust ranges from 80 to 130 M9/9. whereas urban street dusts
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range from 1,000 to 20,000 ug/g. For the purpose of estimating potential human exposure, an
average value of 90 ug/g in street dust is assumed for baseline exposure and 1500 ug/g in the
discussions of urban environments.

Household dust is also a normal component of the home environment. It accumulates on all
exposed surfaces, especially furniture, rugs, and windowsills. Most of the dust values for
nonurban household environments fall in the range of 50-500 ug/g. A value of 300 ug/g is
assumed. The only natural lead in dust would be some fraction of that derived from soil lead.
A value of 10 ug/g seems reasonable, since some of the soil lead is of atmospheric origin.
Children ingest about five times as much dust as adults, with most of the excess being street
dusts from sidewalks and playgrounds. Exposure to occupational lead by children would be
through clothing brought home by parents.

The values for baseline exposure derived or assumed in the proceeding sections are sum-
marized on Table 1-7. These values represent only consumption, not absorption, of lead by the
human body.

1.7.6 Additional Exposures
There are many conditions, even in nonurban environments, where an individual may in-

crease his lead exposure by choice, habit, or unavoidable circumstance. These conditions are
discussed below as separate exposures to be added as appropriate to the baseline of human
exposure described above. Most of these additive effects clearly derive from air or dust; few
are from water or food. Ambient air lead concentrations are typically higher in an urban than
a rural environment. This factor alone can contribute significantly to the potential lead
exposure of Americans through increases in inhaled air and consumed dust. Produce from urban
gardens may also increase the daily consumption of lead. Other contributing factors not
related only to urban living are houses with interior lead paint or lead plumbing, residences
near smelters or refineries, or family gardens grown on high-lead soils. Occupational expo-
sures may also be in an urban or rural setting. These exposures, whether primarily in the oc-
cupational environment or secondarily in the home of the worker, would be in addition to other
exposures in an urban location or from the special cases of lead-based paint or plumbing.

Urban atmospheres. The fact that urban atmospheres have more airborne lead than nonurban
atmospheres contributes not only to lead consumed by inhalation, but to increased amounts of
lead in dust as well. Typical urban atmospheres contain 0.5-1.0 |jg Pb/m3. Other variables
are the amount of indoor filtered air breathed by urban residents, the amount of time spent
indoors, and the amount of time spent on freeways. Dusts vary from 500 to 3000 pg/g in urban
environments.
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TABLE 1-7. SUMMARY OF BASELINE HUMAN EXPOSURES TO LEAD
(pg/day)

OJ

Soil

Source

Child-2 yr old
Inhaled air
Food, Water &
beverages

Dust

Total
Percent

Adult female
Inhaled air
Food, Water &
beverages

Dust

Total
Percent

Adult male
Inhaled air
Food, Water &
beverages

Dust

Total
Percent

Total
lead

consumed

0.5

25.1
21.0

46.6
100%

1.0

32.0
4.5

37.5
100%

1.0

45.2
4.5

50.7
100%

Natural
lead

consumed

0.001

0.71
0.6

1.3
2.8%

0.002

0.91
0.2

1.2
3.1%

0.002

1.42
0.2

1.6
3.1%

Indirect
atmospheric

lead*

-

1.7
-

1.7
3.5%

-

2.4
-

2.5
6.6%

-

3.5
-

3.5
6.8%

Direct
atmospheric

lead*

0.5

10.3
19.0

29.8
64.0%

1.0

12.6
2.9

17.4
46.5%

1.0

19.3
2.9

23.2
45.8%

Lead from
solder or
other metals

-

11.2
-

11.2
24.0%

-

8.2
-

13.5
36.1%

-

18.9
-

18.9
37.2%

Lead of
undetermined

origin

-

1.2
1.4

2.6
5.6%

-

1.5
1.4

2.9
7.8%

-

2.2
1.4

3.6
7.0%

"Indirect atmospheric lead has been previously incorporated into soil, and will probably remain in the
soil for decades or longer. Direct atmospheric lead has been deposited on the surfaces of vegetation
and living areas or incorporated during food processing prior to human consumption.

Source: This report.



Houses with interior lead paint. In 1974, the Consumer Product Safety Commission collec-
ted household paint samples and analyzed them for lead content (National Academy of Sciences,
National Research Council, 1976). The paints with the greatest amounts of lead were typically
found in the kitchens, bathrooms, and bedrooms. Peeling and flaking paint contributes to
potential human exposure via habitual or inadvertent consumption of paint chips, but powder
from painted walls also contributes to the lead concentration of household dust. Flaking
paint can also cause elevated lead concentrations in nearby soil. For example, Hardy et al.
(1971) measured soil lead levels of 2000 ug/g next to a barn in rural Massachusetts. A steady
decrease in lead level with increasing distance from the barn was shown, reaching 60 ug/g at
fifty feet from the barn. Ter Haar and Aronow (1974) reported elevated soil lead levels in
Detroit near eighteen old wood frame houses painted with lead-based paint. The average soil
lead level within two feet of a house was just over 2000 ug/g; the average concentration at
ten feet was slightly more than 400 ug/g. The same authors reported smaller soil lead eleva-
tions in the vicinity of eighteen brick veneer houses in Detroit. Soil lead levels near
painted barns located in rural areas were similar to urban soil lead concentrations near
painted houses, suggesting the importance of leaded paint at both urban and rural locations.
The baseline lead concentration for household dust of 300 ug/g was increased to 2000 ug/g for
houses with interior lead-based paints. The additional 1700 ug/g would add 85 ug Pb/day to
the potential exposure .of a child. This increase would occur in either an urban or nonurban
environment and would be in addition to the urban residential increase if the lead-based
painted house were in an urban environment.

Family gardens. Several studies have shown potentially higher lead exposure through the
consumption of home-grown produce from family gardens grown on high-lead soils or near sources
of atmospheric lead. In family gardens, lead may reach the edible portions of vegetables by
direct atmospheric deposition onto aboveground plant parts or onto soil, or by the flaking of
lead-containing paint chips from houses. Air concentrations and particle size distributions
are the important determinants of deposition to soil or vegetation surfaces. It is unlikely
that surface deposition alone can account for more than 2-5 ug/g lead on the surface of a
leafy vegetable such as lettuce during a 21-day growing period. It appears that a significant
fraction of the lead in both leafy and root vegetables derives from the soil.

Houses with lead plumbing. The Glasgow Duplicate Diet Study (United Kingdom Central
Directorate on Environmental Pollution, 1982) reports that children approximately 13 weeks old
living in lead-plumbed houses consume 6-480 ug lead/day. Water lead levels in the 131 homes
studied ranged from less than 50 to over 500 ug/1. Those children and mothers living in the
homes containing high water lead levels generally had greater total lead consumption and
higher blood lead levels, according to the study. Breast-fed infants were exposed to much
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less lead than bottle-fed infants. The results of the study suggest that infants living in
lead-plumbed homes may have exposure to considerable amounts of lead. This conclusion was
also demonstrated by Sherlock et al. (1982) in a duplicate diet study in Ayr, Scotland.

Residences near smelters and refineries. Air lead concentrations within 2 km of lead
smelters and refineries average 5-15 ug/ra3. Considering both inhaled air and dust, a child in
this circumstance would be exposed to 1300 ug lead/day above background levels. Exposures to
adults would be much less, since they consume only 20 percent of the dusts children consume.

Occupational exposures. The highest and most prolonged exposures to lead are found among
workers in the lead smelting, refining, and manufacturing industries (World Health Organiza-
tion, 1977). In all work areas, the major route of lead exposure is by inhalation and inges-
tion of lead-bearing dusts and fumes. Airborne dusts settle out of the air onto food, water,
the workers' clothing, and other objects, and may be subsequently transferred to the mouth.
Therefore, good housekeeping and good ventilation have a major impact on exposure. Even tiny
amounts (e.g., 10 mg) of dust containing 100,000 ug lead/g can account for 1,000 ug/day lead
exposure.

The greatest potential for high-level occupational exposure exists in the process of lead
smelting and refining. The most hazardous operations are those in which molten lead and lead
alloys are brought to high temperatures, resulting in the vaporization of lead, because con-
densed lead vapor or fume has, to a substantial degree, a small (respirable) particle size
range.

When metals that contain lead or are protected with a lead-containing coating are heated
_in the process of welding or cutting, copious quantities of lead in the respirable size range
may be emitted. Under conditions of poor ventilation, electric arc welding of zinc silicate-
coated steel (containing 4.5 mg lead/cm2 of coating) produces breathing-zone concentrations of
lead reaching 15,000 ug/m3, far in excess of the current occupational short-term exposure
limit in the United States (450 ug/m3). In a study of salvage workers using oxy-acetylene
cutting torches on lead-painted structural steel under conditions of good ventilation, breath-
ing-zone concentrations of lead averaged 1200 ug/m3 and ranged as high as 2400 ug/m3.

At all stages in battery manufacture except for final assembly and finishing, workers are
exposed to high air lead concentrations, particularly lead oxide dust. Excessive concentra-
tions, as great as 5400 ug/m3, have been quoted by the World Health Organization (1977). The
hazard in plate casting, which is a molten-metal operation, is from the spillage of molten
waste products, resulting in dusty floors.

In both the rubber products and the plastics industries, there are potentially high
exposures to lead. The potential hazard of the use of lead stearate as a stabilizer in the
manufacture of polyvinyl chloride was noted in the 1971 Annual Report of the United Kingdom
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Department of Employment, Chief Inspector of Factories (1972). The source of this problem is
is the dust that is generated when the lead stearate is milled and mixed with the polyvinyl
chloride and the plasticizer. An encapsulated stabilizer that greatly reduces the occupa-
tional hazard was reported by Fischbein et al. (1982). Sakurai et al. (1974), in a study of
bioindicators of lead exposure, found ambient air concentrations averaging 58 ug/m3 in the
lead-covering department of a rubber hose manufacturing plant.

The manufacture of cans with leaded seams may expose workers to elevated environmental
lead levels. Bishop (1980) reports airborne lead concentrations of 25-800 ug/m3 in several
can manufacturing plants in the United Kingdom. Between 23 and 54 percent of the airborne
lead was associated with respirable particles. Firing ranges may also be characterized by
high airborne lead concentrations; hence, instructors who spend considerable amounts of time
in such areas may be exposed to lead. Anderson et al. (1977) discuss plumbism in a 17-year-
old male employee of a New York City firing range, where airborne lead concentrations as great
as 1000 ug/m3 were measured during sweeping operations. Removal of leaded paint from walls
and other surfaces in old houses may pose a health hazard. Feldman (1978) reports an airborne
lead concentration of 510 ug/m3 after 22 minutes of sanding an outdoor post coated with paint
containing 2.5 mg lead/cm2. After only five minutes of sanding an indoor window sill contain-
ing 0.8-0.9 mg lead/cm2, the air contained 550 ug/m3. Garage mechanics may also be exposed to
excessive lead concentrations. Clausen and Rastogi (1977) report airborne lead levels of
0.2-35.5 ug/m3 in ten garages in Denmark; the greatest concentration was measured in a paint
workshop. Used motor oils were found to contain 1500-3500 ug lead/g, while one brand of gear
oil, unused, contained 9280 ug/g. The authors state that absorption through damaged skin
could be an important exposure pathway. Other occupations involving risk of lead exposure
include stained glass manufacturing and repair, arts and crafts, and soldering and splicing.

Workers involved in the manufacture of both tetraethyl lead and tetramethyl lead, two
alkyl lead compounds, are exposed to both inorganic and alkyl lead. The major potential
hazard in the manufacture of tetraethyl lead and tetramethyl lead is from skin absorption, but
this is guarded against by the use of protective clothing.

Secondary occupational exposure. The amount of lead contained in pieces of cloth 1 cm2

cut from bottoms of trousers worn by lead workers ranged from 110 to 3,000 ug, with a median
of 410 ug- In all cases, the trousers were worn under coveralls. Dust samples from 25 house-
holds of smelter workers ranged from 120 to 26,000 ug/g, with a median of 2,400 M9/9-

Special habits or activities. The quantity of food consumed per body weight varies
greatly with age and somewhat with sex. A two-year-old child weighing 14 kg eats and drinks
1.5 kg food and water per day. This is 110 g food/kg body wt, or three times the consumption
of an 80 kg adult male, who eats 39 g/kg.
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Children place their mouths on dust-collecting surfaces and lick non-food items with
their tongues. This fingersucking and mouthing activity are natural forms of behavior for
young children that expose them to some of the highest concentrations of lead in their envi-
ronment. A single gram of dust may contain ten times more lead than the total diet of the
child.

On the other hand, pica is the compulsive, habitual consumption of non-food items. In
the case of paint chips and soil, this habit can present a significant lead exposure for the
afflicted person. There are very little data on the amounts of paint or soil eaten by children
with varying degrees of pica and exposure can only be expressed on a unit basis. A .single
chip of paint can represent greater exposure than any other source of lead. For example,
Billick and Gray (1978) report lead concentrations of 1000-5000 ug/cm2 in lead-based paint
pigments. A gram of urban soil may have 150-2000 ug lead.

Lead is also present in tobacco. The World Health Organization (1977) estimates a lead
content of 2.5-12.2 ug per cigarette; roughly 2-6 percent of this lead may be inhaled by the
smoker. The National Academy of Sciences (1980) has used these data to conclude that a typi-
cal urban resident who smokes 30 cigarettes per day may inhale roughly equal amounts of lead
from smoking and from breathing urban air. The average adult consumption of table wine in the
U.S. is about 12 g/day. Even at 0.1 ug/g, which is ten times higher than drinking water, wine
does not appear to represent a significant potential exposure. At one liter/day, however,
lead consumption would be greater than the total baseline consumption. McDonald (1981) points
out that older wines with lead foil caps may represent a hazard, especially if they have been
damaged or corroded. Wai et al. (1979) found the lead content of wine rose from 200 to 1200
pg/liter when the wine was allowed to pass over the thin ring of residue left by the corroded
lead foil cap. Newer wines (1971 and later) use other means of sealing.

1.7.7 Summary
Ambient airborne lead concentrations showed no marked trend from 1965 to 1977. Decreases

from 1977 to 1982 reflect the smaller lead emissions from mobile sources in recent years.
Airborne size distribution data indicate that most of the airborne lead mass is found in sub-
micron particles. Atmospheric lead is deposited on vegetation and soil surfaces, entering the
human food chain through contamination of grains and leafy vegetables, of pasture lands, and
of soil moisture taken up by all crops. Lead contamination of drinking water supplies appears
to originate mostly from within the distribution system.

Environmental contamination by lead should be measured in terms of the total amount of
lead emitted to the biosphere. American industry contributes several hundred thousand tons of
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lead to the environment each year: 61,000 tons from petroleum additives, 44,000 tons from am-
munition, 45,000 tons in glass and ceramic products, 16,000 tons in paint pigments, 8,000 tons
in food can solder, and untold thousands of tons of captured wastes during smelting, refining,
and coal combustion. These are uses of lead which are generally not recoverable; thus, they
represent a permanent contamination of the human or natural environment. Although much of
this lead is confined to municipal and industrial waste dumps, a large amount is emitted to
the atmosphere, waterways, and soil, to become a part of the biosphere.

Potential human exposure can be expressed as the concentrations of lead in those environ-
mental components (air, dust, food, and water) that interface with man. It appears that, with
the exception of extraordinary cases of exposure, about 100 ug of lead are consumed daily by
each American.

Beyond the baseline level of human exposure, additional amounts of lead consumption are
largely a matter of individual choice or circumstance. Most of these additional exposures
arise directly or indirectly from atmospheric lead, and in one or more ways probably affect
90 percent of the American population. In some cases, the additive exposure can be fully
quantified and the amount of lead consumed can be added to the baseline consumption (Table
1-8). These may be continuous (urban residence) or seasonal (family gardening) exposures.
Some factors can be quantified on a unit basis because of wide ranges in exposure duration or
concentration. For example, factors affecting occupational exposure are air lead concentra-
tions (10-4000 ug/m3), use and efficiency of respirators, length of time of exposure, dust
control techniques, and worker training in occupational hygiene.
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TABLE 1-8. SUMMARY OF POTENTIAL ADDITIVE EXPOSURES TO LEAD
(ug/day)

Exposure

Baseline exposure:
Child
Inhaled air
Food, water & beverages
Dust

Total baseline

Total
lead

consumed

0.5
25.1
21. Q

46.6

Atmospheric
lead

consumed

0.5
10.3
19.0

. 29.7

Other
lead

sources

-
15.6
_?J)

17.6

Additional exposure due to:
Urban atmospheres1
Family gardens2
Interior lead paint3
Residence near smelter4
Secondary occupational5

Baseline exposure:
Adult male

Inhaled air
Food, water & beverages
Dust

Total baseline

91
48
110
880
150

60.2

91
12

880

1.0
20.3
2.9

24.2

36
110

34.4
1.6

36.0

Additional exposure due to:
Urban atmospheres1
Family gardens2
Interior lead paint3
Residence near smelter4
Occupational5

Secondary occupational5
Smoking7

Wine consumption8

28
120
17
100

1100
44
30
100

28
30

100
1100

27
•>

17

3
7

Includes lead from household (1000 ug/g) and street dust (1500 ug/g) and inhaled air
(0.75 ug/m3).2Assumes soil lead concentration of 2000 pg/g; all fresh leafy and root vegetables, and sweet
corn of Table 7-12 replaced by produce from garden. Also assumes 25% of soil lead is of
atmospheric origin.

3Assumes household dust rises from 300, to 2000 M9/9- Oust consumption remains the same
as baseline.
'Assumes household and street dust increase to 10,000 pg/g.
5Assumes household dust increases to 2400 pg/g.
6Assumes 8-hr shift at 10 ug Pb/m3 or 90% efficiency of respirators at 100 ug Pb/m3, and
occupational dusts at 100,000 ug/m3.

70ne and a half packs per day.
8Assumes unusually high consumption of one liter per day.
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1.8 EFFECTS OF LEAD ON ECOSYSTEMS
To function properly, ecosystems require an adequate supply of energy, which continually

flows through the systems, and an adequate supply of nutrients, which for the most part, cycle
within the ecosystem. There is evidence that lead can interfere with both of these processes.
Energy usually enters the ecosystem in the form of sunlight and leaves as heat of respiration.
Unlike energy, nutrient and non-nutrient elements are recycled by the ecosystem and trans-
ferred from reservoir to reservoir in a pattern usually referred to as a biogeochemical cycle.
The reservoirs correspond approximately to the food webs of energy flow (see Figure 1-12).
Although elements may enter (e.g., weathering of soil) or leave the ecosystem (e.g., stream
runoff), the greater fraction of the available mass of the element is usually cycled within
the ecosystem. The boundaries of ecosystems may be as distinct as the border of a pond or as
arbitrary as an imaginary circle drawn on a map. Many trace metal studies are conducted in
watersheds where some of the boundaries are determined by topography. For atmospheric inputs
to terrestrial ecosystems, the boundary is usually defined as the surface of vegetation,
exposed rock, or soil. Non-nutrient elements differ little from nutrient elements in their
biogeochemical cycles. Quite often, the cycling patterns are similar to those of a major
nutrient. In the case of lead, the reservoirs and pathways are very similar to those of
calcium.

Atmospheric lead is deposited on the surfaces of soil, vegetation, and water. Lead may
also be introduced to natural ecosystems as spent ammunition. In agricultural and other eco-
systems more directly influenced by the activities of man, lead may enter as components of
fertilizers, pesticides, and paint chips, or by the careless disposal of lead-acid batteries
or other industrial products. The movement of lead within ecosystems is influenced by the
chemical and physical properties of lead and by the biogeochemical properties of the ecosys-
tem. In the appropriate chemical environment, lead may undergo transformations that affect
its solubility (e.g., formation of lead sulfate in soils), its bioavailability (e.g., chela-
tion with humic substances), or its toxicity (e.g., chemical methylation).

In prehistoric times, the contribution of lead from weathering of soil was probably about
4g/ha-yr and, from atmospheric deposition, about 0.02 g/ha-yr. Weathering rates are presumed
to have remained the same, but atmospheric inputs are believed to have increased to 180 g/
ha-yr in natural and some cultivated ecosystems, and up to 3000 g/ha-yr in urban ecosystems
and along roadways. There is, however, wide variation in the amount of lead transferred from
the atmosphere to terrestrial ecosystems. For example, Elias et al. (1976) found 15 g/ha-yr
in a remote subalpine ecosystem of California; Lindberg and Harriss (1981) found 150 g/ha-yr
in the Walker Branch watershed of Tennessee; Smith and Siccama (1981) report 270 g/ha-yr in
the Hubbard Brook forest of New Hampshire; Getz et al. (1977c) estimated 240 g/ha-yr by wet
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GRAZERS

Figure 1 12 This figure depicts cycling processes within the major components of a terrestrial
ecosystem, i.e primary producers, grazers and decomposers. Nutrient and non-nutrient
elements are stored in reservoirs within these components Processes that take place within
reservoirs regulate the flow of elements between reservoirs along established pathways The
rate of flow is in part a function of the concentration in the preceding reservoir Lead
accumulates m decomposer reservoirs (D,-D4) which have a high binding capacity for this
metal When the flow of nutrients is reduced at I, II. or III. the rate of flow of inorganic
nutrients to primary producers is reduced

Source Adapted from Swift et al (1979)
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precipitation alone in a rural ecosystem largely cultivated, and 770 g/ha-yr in an urban
ecosystem; Jackson and Watson (1977) found 1,000,000 g/ha-yr near a smelter in southeastern
Missouri. Factors causing great variation are remoteness fronv source (leading to lower air
concentrations, difference in particle size, and greater dependence on wind as a mechanism of
deposition) and type of vegetation cover. For example, deciduous leaves may, by the nature of
their surface and orientation in the wind stream, be more suitable deposition surfaces than
conifer needles.

Many of the effects of lead on plants, microorganisms, and ecosystems arise from the fact
that lead from atmospheric and weathering inputs is retained by soil. (One effect of cultiva-
tion is that atmospheric lead is mixed to a greater depth than the 0-5 cm of natural soils).
Although no firm documentation exists, it is reasonable to assume from the known chemistry of
lead in soil that other metals may be displaced from binding sites on organic matter and that
the chemical breakdown of inorganic soil fragments may be retarded by the interference of lead
with the action of fulvic acid on iron bearing crystals. Soil cation exchange capacity, a
major factor, is determined by the relative size of the clay and organic fractions, soil pH,
and the amount of Fe-Mn oxide films present (Nriagu, 1978a). Of these, organic humus and high
soil pH are the dominant factors in immobilizing lead. Under natural conditions, most of the
total lead in soil would be tightly bound within the crystalline structure of inorganic soil
fragments, unavailable to soil moisture. Available lead, bound on clays, organic colloids,
and Fe-Mn films, would be controlled by the slow release of bound lead from inorganic rock
sources. Because lead is strongly immobilized by humic substances, only a small fraction
(perhaps 0.01 percent in soils with 20 percent organic matter, pH 5.5) is released to soil
moisture.

In soils with lead concentrations within the range of natural lead (15-30 ug/g), only
trace amounts of lead are absorbed by plants. The amount absorbed increases when the concen-
tration of lead in soil increases or when the binding capacity of soil for lead decreases.
Uptake by root systems does not necessarily mean the lead reaches the stems, leaves or fruits.
Rather, the process should be seen as a soil-plant continuum that strongly favors retention of
lead by the soil and the root system.

The soil-root continuum is a complex structure that consists of the soil particles, the
soil solution, the mutigel or other remnants of root exudates, the epidermal cells with
elongated root hairs, and the root cortical cells. The walls of the epidermal cells are a
loose matrix of cellulose and hemicellulose fibers. Much of this continuum is of biological
origin and contains compounds active in ion exchange, such as hemicelluloses and pectic sub-
stances that are heavily endowed with -COOH groups, and proteins that also have charged
groups. As a cation moves from the soil particle to the root cortex, whether by mass flow or
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diffusion, it is continually proximate to root structures with a high binding capacity. Lead
is more tightly bound at these sites than other cations, even calcium. Consequently, rela-
tively little lead passes through the roots into the shoot. It appears that most of the soil
lead is retained within the root. However, some plants may allow more lead to translocate
than others.

Hutchinson (1980) has reviewed the effects of acid precipitation on the ability of soils
to retain cations. Excess calcium and other metals are leached from the A horizon of soils by
rain with a pH more acidic than 4.5. Most soils in the eastern United States are normally
acidic (pH 3.5-5.2) and the leaching process is a part of the complex equilibrium maintained
in the soil system. By increasing the leaching rate, acid rain can reduce the availability of
nutrient metals to organisms dependent on the top layer of soil. It appears that acidifica-
tion of soil may increase the rate of removal of lead from the soil, but not before several
major nutrients are removed first. The effect of acid rain on the retention of lead by soil
moisture is not known.

Atmospheric lead may enter aquatic ecosystems by wet or dry deposition or by the ero-
sional transport of soil particles. In waters not polluted by industrial, agricultural, or
municipal effluents, the lead concentration is usually less than 1 ug/1. Of this amount,
approximately 0.02 ug/1 is natural lead and the rest is anthropogenic lead, probably of atmos-
pheric origin (Patterson, 1980). Surface waters mixed with urban effluents may frequently
reach lead concentrations of 50 ug/1, and occasionally higher. In still water, lead is
removed from the water column by the settling of lead-containing particulate matter, by the
formation of insoluble complexes, or by the adsorption of lead onto suspended organic parti-
cles. The rate of sedimentation is determined by temperature, pH, oxidation-reduction poten-
tial, ionic competition, the chemical form of lead in water, and certain biological activities
(Jenne and Luoma, 1977). In the sediments of streams, rivers, and lakes, lead appears to be
immobile, in the sense that it is not easily transported by redissolution in fresh water.

1.8.1 Effects on Plants
Some physiological and biochemical effects of lead on vascular plants have been detected

under laboratory conditions at concentrations higher than those normally found in the environ-
ment. The commonly reported effects are the inhibition of photosynthesis, respiration, or
cell elongation, all of which reduce the growth of the plant (Koeppe, 1981). Lead may also
induce premature senescence, which may affect the long-term survival of the plant or the eco-
logical success of the plant population. Most of the lead in or on a plant occurs on the sur-
faces of leaves and the trunk or stem. The surface concentration of lead in trees, shrubs,
and grasses usually exceeds the internal concentration by a factor of at least five (Elias et
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al, 1978). The major effect of surface lead at ambient concentrations seems to be on subse-
quent components of the grazing food chain and on the decomposer food chain following litter-
fall (Elias et al., 1982).

Two defensive mechanisms appear to exist in the roots of plants for removing lead from
the stream of nutrients flowing to the above-ground portions of plants. Lead may be deposited
with cell wall material exterior to the individual root cells, or may be sequestered in organ-
elles within the root cells. Any lead not captured by these mechanisms would likely move with
nutrient metals from cell to cell through the symplast and into the vascular system. Uptake
of lead by plants may be enhanced by symbiotic associations with mycorrhizal fungi. The three
primary factors that control the uptake of nutrients by plants are the following: (1) the
surface area of the roots; (2) the ability of the root to absorb particular ions; and (3) the
transfer of ions through the soil. The symbiotic relationship between mycorrhizal fungi and
the roots of higher plants can increase the uptake of nutrients by enhancing all three of
these factors.

The translocation of lead to aboveground portions of the plant is not clearly understood.
Lead may follow the same pathway and be subject to the same controls as a nutrient metal such
as calcium. There may be several mechanisms that prevent the translocation of lead to other
plant parts. The primary mechanisms may be storage in cell organelles or adsorption on cell
walls. Some lead passes into the vascular tissue, along with water and dissolved nutrients,
and is carried to physiologically active tissue of the plant. Evidence that lead in contami-
nated soils can enter the vascular system of plants and be transported to aboveground parts
may be found in the analysis of tree rings. These chronological records confirm that lead can
be translocated in proportion to the concentrations of lead in soil.

Because most of the physiologically active tissue of plants is involved in growth, main-
tenance, and photosynthesis, it is expected that lead might interfere with one or more of
these processes. Indeed, such interferences have been observed in laboratory experiments at
lead concentrations greater than those normally found in the field, except near smelters or
mines (Koeppe, 1981). Inhibition of photosynthesis by lead may be by direct interference with
the light reaction or the indirect interference with carbohydrate synthesis. Miles et al.
(1972) demonstrated substantial inhibition of photosystem II near the site of water splitting,
a biochemical process believed to require manganese. Devi Prasad and Devi Prasad (1982) found
a 10 percent inhibition of pigment production in three species of green algae at a lead con-
centration of 1 ug/g, increasing to 50 percent inhibition at 3 ug/g. Bazzaz et al. (1974,
1975) observed reduced net photosynthesis that may have been caused indirectly by lead inhi-
biting carbohydrate synthesis.
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The stunting of plant growth may be by the inhibition of the growth hormone IAA (indole-
3-ylacetic acid) by lead. Lane et al. (1978) found that 10 ug/g lead as lead nitrate in the
nutrient medium of wheat coleoptiles produced a 25 percent reduction in elongation. Lead may
also interfere with plant growth by reducing respiration or inhibiting cell division. Miller
and Koeppe (1971) and Miller et al. (1975) showed succinate oxidation inhibition in isolated
mitochondria as well as stimulation of exogenous NADH oxidation with related mitochondria!
swelling.

Hassett et al. (1976), Koeppe (1977), and Malone et al. (1978) described significant
inhibition by lead of lateral root initiation in corn. The interaction of lead with calcium
has been shown by several authors, most recently by Garland and Wilkins (1981), who demon-
strated that barley seedlings (Hordeum vulgare). which were growth inhibited at 2 ug lead/g
sol. with no added calcium, grew at about half the control rate with 17 ug calcium/g sol.
This relation persisted up to 25 ug lead/g sol. and 500 ug calcium/g sol.

These studies of the physiological effects of lead on plants all show some effect at con-
centrations of 2-10 ug/g in the nutrient medium of hydroponically-grown agricultural plants.
It is certain that no effects would have been observed at these concentrations had the lead
solutions been added to normal soil, where the lead would have been bound by humic substances.
There is no firm relationship between soil lead and soil moisture lead because each soil type
has a unique capacity to retain lead and to release that lead to the soil moisture film sur-
rounding the soil particle. Once in soil moisture, lead seems to pass freely to the plant
root according to the capacity of the plant root to absorb water and dissolved substances.

Some plant species have developed populations tolerant to high lead soils. Using popu-
lations taken from mine waste and uncontaminated control areas, some authors have quantified
the degree of tolerance of Agrostis tenuis (Karataglis, 1982) and Festuca rubra (Wong, 1982)
under controlled laboratory conditions. Root elongation was used as the index of tolerance.
At lead concentrations of 36 ug/g nutrient solution, all populations of A. tenuis were com-
pletely inhibited. At 12 ug/g, the control populations from low-lead soils were completely
inhibited, but the populations from mine soils achieved 30 percent of their normal growth
(growth at no lead in nutrient solution). At 6 ug/g, the control populations achieved 10 per-
cent of their normal growth, and tolerant populations achieved 42 percent. There were no mea-
surements of lead below 6 ug/g.

The plant effect studies support the conclusion that inhibition of plant growth begins at
a lead concentration of less than 1 u.g/g soil moisture and becomes completely inhibitory at a
level between 3 and 10 ug/g. Plant populations that are genetically adapted to high lead
soils may achieve 50 percent of their normal root growth at lead concentrations above 3 ug/g.
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Even under the best of conditions where soil has the highest capacity to retain lead,
most plants would experience reduced growth rate (inhibition of photosynthesis, respiration,
or cell elongation) in soils containing 10,000 pg lead/g or greater. Concentrations approach-
ing this value typically occur around smelters and near major highways. These conclusions
pertain to soil with the ideal composition and pH to retain the maximum amount of lead. Acid
soils or soils lacking organic matter would inhibit plants at much lower lead concentrations.

1.8.2 Effects on Microorganisms
It appears that microorganisms are more sensitive than plants to soil lead pollution and

that changes in the composition of bacterial populations may be an early indication of lead
effects. Delayed decomposition may occur at lead concentrations of 750 ug/g soil and nitrifi-
cation inhibition at 1000 ug/g.

Tyler (1972) explained three ways in which lead might interfere with the normal decompo-
sition processes in a terrestrial ecosystem. Lead may be toxic to specific groups of decom-
posers, it may deactivate enzymes excreted by decomposers to break down organic matter, or it
may bind with the organic matter to render it resistant to the action of decomposers. Because
lead in litter may selectively inhibit decomposition by soil bacteria at concentrations of
2000-5000 pg/g, forest floor nutrient cycling processes may be seriously disturbed near lead
smelters. This is especially important because approximately 70 percent of plant biomass
enters the decomposer food chain. If decomposition of the biomass is inhibited, then much of
the energy and nutrients remain unavailable to subsequent components of the food chain. There
is also the possibility that the ability of soil to retain lead would be reduced, as humic
substances are byproducts of bacterial decomposition. Because they are interdependent, the
absence of one decomposer group in the decomposition food chain seriously affects the success
of subsequent groups, as well as the rate at which plant tissue decomposes. Each group may be
affected in a different way and at different lead concentrations. Lead concentrations toxic
to decomposer microbes may be as low as 1-5 ug/g or as high as 5000 ug/g. Under conditions of
mild contamination, the loss of one sensitive bacterial population may result in its replace-
ment by a more lead-tolerant strain. Delayed decomposition has been reported near smelters,
mine waste dumps, and roadsides. This delay is generally in the breakdown of litter from the
first stage (0,) to the second (0-), with intact plant leaves and twigs accumulating at the
soil surface. The substrate concentrations at which lead inhibits decomposition appear to be
very low.

The conversion of ammonia to nitrate in soil is a two-step process mediated by two genera
of bacteria, Nitrosomonas and Nitrobacter. Nitrate is required by all plants, although some
maintain a symbiotic relationship with nitrogen-fixing bacteria as an alternate source of ni-
trogen. Those which do not would be affected by a loss of free-living nitrifying bacteria,
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and it is known that many trace metals inhibit this nitrifying process. Lead is the least of
these, inhibiting nitrification 14 percent at concentrations of 1000 ug/g soil. Even a 14
percent inhibition of nitrification can reduce the potential success of a plant population, as
nitrate is usually the limiting nutrient in terrestrial ecosystems.

1.8.3 Effects on Animals
Forbes and Sanderson (1978) have reviewed reports of lead toxicity in domestic and wild

animals. Lethal toxicity can usually be traced to consumption of lead battery casings, lead-
based paints, oil wastes, putty, linoleum, pesticides, lead shot, or forage near smelters.
Awareness of the routes of uptake is important in interpreting the exposure and accumulation
in vertebrates. Inhalation rarely accounts for more than 10-15 percent of the daily intake of
lead (National Academy of Sciences, 1980); food is the largest contributor of lead to animals.
The type of food an animal eats determines the rate of lead ingestion. In the case of herbi-
vores, more than 90 percent of the total lead in leaves and bark may be surface deposition,
but relatively little surface deposition may be found on some fruits, berries, and seeds that
have short exposure times; roots intrinsically have no surface deposition. Similarly, inges-
tion of lead by a carnivore depends mostly on deposition on herbivore fur and somewhat less on
lead in herbivore tissue.

The type of food eaten is a major determinant of lead body burdens in small mammals.
Goldsmith and Scanlon (1977) and Scanlon (1979) measured higher lead concentrations in insec-
tivorous species than in herbivorous species, confirming the earlier work of Quarles et al.
(1974) which showed body burdens of granivores<herbivores<insectivores, and Jeffries and
French (1972) that granivores<herbivores. Among the herbivorous groups, sucking insects have
lower lead concentrations than chewing insects, especially in regions near roadsides, where
more lead is found on vegetation surfaces. Williamson and Evans (1972) found that gradients
away from roadsides are not the same as with vertebrates, in that invertebrate lead decreases
more slowly than vertebrate lead relative to decreases in soil lead. In Cepaea hortensis, a
terrestrial snail, Williamson (1979) found most of the lead in the digestive gland and gonadal
tissue. A continuation of the study (Williamson, 1980) showed that body weight, age, and day-
length influenced the lead concentrations in soft tissues. Beeby and Eaves (1983) addressed
the question of whether uptake of lead in the garden snail, Helix aspersa, is related to the
nutrient requirement for calcium during shell formation and reproductive activity. They found
both metals were strongly correlated ŵ 'th changes in dry weight and little evidence for corre-
lation of lead with calcium, independent of weight gain or loss.

Gish and Christensen (1973) found lead in whole earthworms to be correlated with soil
lead, with little rejection of lead by earthworms. Consequently, animals feeding on earth-
worms from high-lead soils might receive toxic amounts of lead in their diets, although there
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was no evidence of toxic effects on the earthworms. Ash and Lee (1980) cleared the digestive
tracts of earthworms and still found direct correlation of lead in earthworms with soil lead;
in this case, soil lead was inferred from fecal analyses. Ireland and Richards (1977) also
found some localization of lead in subcellular organelles of the chloragogue and intestinal
tissue. In view of the fact that chloragocytes are believed to be involved with waste storage
and glycogen synthesis, the authors concluded that this tissue is used to sequester lead in
the manner of vertebrate livers.

Chmiel and Harrison (1981) showed that the bones of small mammals had the highest concen-
trations of lead, with kidneys and livers somewhat less. They also showed greater bone con-
centrations in insectivores than herbivores, both at control and contaminated sites. Clark
(1979) found lead concentrations in shrews, voles, and brown bats from roadside habitats'near
Washington, D.C., to be higher than any previously reported. There are few studies reporting
lead in vertebrate tissues from remote sites. Elias et al. (1976, 1982) reported tissue con-
centrations in voles, shrews, chipmunks, tree squirrels, and pine martens from the remote High
Sierra. Bone concentrations were generally only 2 percent of those reported from roadside
studies and 10 percent of the controls of roadside studies, indicating that the controls in
the roadside studies were themselves contaminated to a large degree.

While it is impossible to establish a safe limit of daily lead consumption, it is reason-
able to generalize that a regular diet of 2-8 mg lead/kg-day body weight over an extended
period of time (Botts, 1977) will cause death in most animals. Animals of the grazing food
chain are affected most directly by the accumulation of aerosol particles on vegetation sur-
faces, and somewhat indirectly by the uptake of lead through plant roots. Many of these
animals consume more than 1 mg lead/kg-day in habitats near smelters and roadsides, but no
toxic effects have been documented. Animals of the decomposer food chain are affected in-
directly by lead in soil, which can eliminate populations of microorganisms proceeding animals
in the food chain or occupying the digestive tract of animals and aiding in the breakdown of
organic matter. Invertebrates may also accumulate lead at levels toxic to their predators.

Borgmann et al. (1978) found increased mortality in a freshwater snail, Lymnaea palutris,
associated with stream water with a lead content as low as 19 ug/1. Full life cycles were
studied to estimate population productivity. Although individual growth rates were not affec-
ted, increased mortality, especially at the egg hatching stage, effectively reduced total
biomass production at the population level. Production was 50 percent at a lead concentration
of 36 ug/1 and 0 percent at 48 ug/1.

Aquatic animals are affected by lead at water concentrations lower than previously con-
sidered safe (50 M9/1) f°r wildlife. These concentrations occur commonly, but the contri-
bution of atmospheric lead to specific sites of high aquatic lead is not clear. Hematological
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and neurological responses are the most commonly reported effects of extended lead exposures
in aquatic vertebrates. Hematological effects include the disabling and destruction of mature
erythrocytes and the inhibition of the enzyme ALA-0 required for hemoglobin synthesis. At low
exposures, fish compensate by forming additional erythrocytes, which often do not reach
maturity; at higher exposures, the fish become anemic. Symptoms of neurological responses are
difficult to detect at low exposure, but higher exposure can induce neuromuscular distortion,
anorexia, and muscle tremors. Spinal curvature eventually occurs with time or increased con-
centration.

1.8.4 Effects on Ecosystems
Recent studies have shown three areas of concern where the effects of lead on ecosystems

may be extremely sensitive. First, decomposition is delayed by lead, as some decomposer
microorganisms and invertebrates are inhibited by soil lead. Secondly, some ecosystems exper-
ience subtle shifts toward lead-tolerant plant populations. Thirdly, the natural processes of
calcium biopurification are circumvented by the accumulation of lead on the surfaces of vege-
tation and in the soil reservoir. These problems all arise because lead in ecosystems is
deposited on vegetation surfaces, accumulates in the soil reservoir, and is not removed with
the surface and ground water passing out of the ecosystem.

Terrestrial ecosystems, especially forests, accumulate a tremendous amount of cellulose
as woody tissue of trees. Few animals can digest cellulose and most of these require symbio-
tic associations with specialized bacteria. It is no surprise then, that most of this cellu-
lose must eventually pass through the decomposer food chain. Because 80 percent or more of
net primary production passes through the decomposing food chain, the energy of this litter is
vital to the rest of the plant community and the inorganic nutrients are vital to plants.

Babich et al. (1983) introduced the concept of ecological dose as it applies to the ef-
fects of metals on ecological processes in soil. The inhibition of microbe-mediated processes
can be used to quantify the effects of environmental pollutants on natural ecosystems. The
ecological dose of 50 percent (EcD50) is the concentration of a toxicant that inhibits a
microbe-mediated ecologic process by 50 percent. Since microbes are an integral part of the
biogeochemical cycling of elements and the flow of energy through an ecosystem, they are an
important indicator of the productivity of the ecosystem. This concept is superior to the
lethal dose (LD) concept because it is based on an assemblage of heterogeneous populations
that are important to the ecosystem and that might be comparable to similar population assem-
blages of other ecosystems. The LD concept relies on the elimination of single population
that may be insignificant to the ecosystem or not comparable to other ecosystems.
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The amount of lead that causes litter to be resistant to decomposition is not known.
Doelman and Haanstra (1979) demonstrated the effects of soil lead content on delayed decom-
position: sandy soils lacking organic complexing compounds showed a 30 percent inhibition of
decomposition at 750 ug/g, including the complete loss of major bacterial species, whereas the
effect was reduced in clay soils and non-existent in peat soils. Organic matter maintains the
cation exchange capacity of soils. A reduction in decomposition rate was observed by Doelman
and Haanstra (1979) even at the lowest experimental concentration of lead, leading to the con-
clusion that some effect might have occurred at even lower concentrations.

When decomposition is delayed, the availability of nutrients may be limited for plants.
In tropical regions or areas with sandy soils, rapid turnover of nutrients is essential for
the success of the forest community. Even in a mixed deciduous forest, a significant portion
of the nutrients, especially nitrogen and sulfur, may be found in the litter reservoir (Likens
et al. 1977). Annual litter inputs of calcium and nitrogen to the soil account for about 60
percent of root uptake. With delayed decomposition, plants must rely on precipitation and
soil weathering for the bulk of their nutrients. Furthermore, the organic content of soil may
decrease, reducing the'cation exchange capacity of soil.

It has been observed that plant communities near smelter sites are composed mostly of
lead-tolerant plant populations. In some cases, these populations appear to have adapted to
high lead soils, since populations of the same species from low lead soils often do not thrive
on high lead soils. In some situations, it is clear that soil lead concentration has become
the dominant factor in determining the success of plant populations and the stability of the
ecological community.

Biopurification is a process that regulates the relative concentrations of nutrients
versus non-nutrient elements in biological components of a food chain. In the absence of
absolute knowledge of natural lead concentrations, biopurification can be a convenient method
for estimating the degree of contamination. It is now believed that calcium reservoirs in
members of grazing and decomposer food chains were contaminated by factors of 30-500, i.e.,
that 97-99.9 percent of the lead in organisms is of anthropogenic origin. Burnett and
Patterson (1980) have shown a similar pattern for a marine food chain.

Ecosystem inputs of lead by the atmospheric route have established new pathways and
widened old ones. Insignificant amounts of lead are removed by surface runoff or ground water
seepage. It is likely that the ultimate fate of atmospheric lead will be a gradual elevation
in lead concentration of all reservoirs in the system, with most of the lead accumulating in
the detrital reservoir. Because there is no protection from industrial lead once it enters
the atmosphere, it is important to fully understand the effects of industrial lead emissions.
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Of the 450,000 metric tons emitted annually on a global basis, 115,000 metric tons of
lead fall on terrestrial ecosystems. Evenly distributed, this would amount to 0.1 g/ha-yr,
which is much lower than the range of 15-1,000,000 g/ha-yr reported in ecosystem studies in
the United States. Consequently, it is apparent that lead has permeated these ecosystems and
accumulated in the soil reservoir, where it will remain for decades. Within 20 meters of every
major highway, up to 10,000 ug lead have been added to each gram of surface soil since 1930
(Getz et al., 1977b). Near smelters, mines, and in urban areas, as much as 130,000 ug/g have
been observed in the upper 2.5 cm of soil (Jennett et al., 1977). At increasing distances up
to 5 km away from sources, the gradient of lead added since 1930 drops to less than 10 ug/g
(Page and Ganje, 1970), and 1-5 ug/g have been added in regions more distant than 5 km
(Nriagu, 1978a). In undisturbed ecosystems, atmospheric lead is retained by soil organic
matter in the upper layer of soil surface. In cultivated soils, this lead is mixed with soil
to a depth of 25 cm.

The ability of an ecosystem to compensate for atmospheric lead inputs, especially in the
presence of other pollutants such as acid precipitation, depends not so much on factors of
ecosystem recovery, but on undiscovered factors of ecosystem stability. Recovery implies that
inputs of the perturbing pollutant have ceased and that the pollutant is being removed from
the ecosystem. In the case of lead, the pollutant is not being eliminated from the system nor
are the inputs ceasing. Terrestrial ecosystems will never return to their original, pristine
levels of lead concentrations.

1.9 QUANTITATIVE EVALUATION OF LEAD AND BIOCHEMICAL INDICES OF LEAD EXPOSURE IN PHYSIOLOGICAL
MEDIA
A complete understanding of a toxic agent's biological effects (including any statement

of dose-effect relationships) requires quantitative measurement of either that agent in some
biological medium or a physiological parameter associated with exposure to the agent. Quanti-
tative analysis involves a number of discrete steps, all of which contribute to the overall
reliability of the final analytical result: sample collection and shipment, laboratory han-
dling, instrumental analysis, and criteria for internal and external quality control.

From a historical perspective, the definition of "satisfactory analytical method" for
lead has been changing steadily as new and more sophisticated equipment has become available
and understanding of the hazards of pervasive contamination along the analytical course has
increased. The best example of this 'change is the current use of the definitive method for
lead analysis, isotope-dilution mass spectrometry, in conjunction with "ultra-clean"
facilities and sampling methods, to demonstrate conclusively not only the true extent of
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anthropogenic input of lead to the environment over the years but also the relative limita-
tions of most of the methods used today for lead measurement.

1.9.1 Determinations of Lead in Biological Media
The low levels of lead in biological media, even in the face of excessive exposure, and

the fact that sampling of such media must be done against a backdrop of pervasive lead contam-
ination necessitates that samples be collected and handled carefully. Blood lead sampling is
best done by venous puncture and collection into low-lead tubes after careful cleaning of the
puncture site. The use of finger puncture as an alternative method of sampling should be
avoided, if feasible, given the risk of contamination associated with the practice in indus-
trialized areas. While collection of blood onto filter paper enjoyed some popularity in the
past, paper deposition of blood requires special correction for hematocrit/hemoglobin level.

Urine sample collection requires the use of lead-free containers as well as addition of a
bactericide. If feasible, 24-hr sampling is preferred to spot collection. Deciduous teeth
vary in lead content both within and across type of dentition. Thus, a specific tooth type
should be uniformly obtained for all study subjects and, if possible, more than a single
sample should be obtained from each subject.

Many reports over the years have purported to offer satisfactory analysis of lead in
blood and other biological- media, often with severe inherent limitations on accuracy and pre-
cision, meager adherence to criteria for accuracy and precision, and a limited utility across
a spectrum of analytical applications. Therefore, it is only useful to discuss "definitive"
and, comparatively speaking, "reference" methods presently used.

In the case of lead in biological media, the definitive method is isotope-dilution mass
spectrometry (IDMS). The accuracy and unique precision of IDMS arise from the fact that all
manipulations are on a weight basis involving simple procedures, and measurements entail only
lead isotope ratios and not the absolute determinate'ons of the isotopes involved, which great-
ly reduces instrumental corrections and errors. Reproducible results to a precision of one
part in 104-10S are routine with appropriately designed and competently operated instrumenta-
tion. Although this methodology is still not recognized in many laboratories, it was the
first breakthrough, in tandem with "ultra-clean" procedures and facilities, in definitive
methods for indexing the progressive increase in lead contamination of the environment over
the centuries. Given the expense, required level of operator expertise, and time and effort
involved for measurements by IDMS, this methodology mainly serves for analyses that either
require extreme accuracy and precision, e.g., geochronometry, or for the establishment of
analytical reference material for general testing purposes or the validation of other method-
ologies.
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While the term "reference method" for lead in biological media cannot be rigorously ap-
plied to any procedures in popular use, the technique of atomic absorption spectrometry (AAS)
in its various configurations, or the electrochemical method, anodic stripping voltammetry
(ASV), come closest to meriting the designation. Other methods that are generally applied in
metal analyses are either limited in sensitivity or are not feasible for use on theoretical
grounds for lead analysis.

Measurement of Lead in Blood. Atomic absorption spectrometry, as applied to analysis of
whole blood, generally involves flame or flameless micromethods. One macromethod, the Hesse!
procedure, still enjoys some popularity. The Delves cup procedure, which employes flame
microanalysis, can be applied to blood lead with an apparent operational sensitivity of about
10 ug/dl blood and a relative precision of approximately 5 percent in the range of blood lead
seen in populations in industrialized areas. The flameless, or electrothermal, method of AAS
enhances sensitivity about tenfold, but precision can be more problematic because of chemical
and spectral interferences.

The most widely used and sensitive electrochemical method for lead in blood is ASV. For
most accurate results, chemical wet-ashing of samples must be carried out, although this pro-
cess is time consuming and requires the use of lead-free reagents. Metal exchange reagents
have been employed in lieu of the ashing step to liberate lead from binding sites, although
this substitution is associated with less precision. For the ashing method, relative preci-
sion is approximately 5 percent; in terms of accuracy and sensitivity, problems appear at low
lead levels, e.g., 5 ug/dl or below, particularly if samples contain elevated copper levels.

Lead in Plasma. Since lead in whole blood is virtually all confined to the erythrocyte,
plasma levels are quite low and extreme care must be employed to measure plasma levels relia-
bly. The best method for such measurement is IDMS, employed in an ultra-clean facility.
Atomic absorption spectrometry (AAS) is satisfactory for comparative analyses across a range
of relatively high whole blood values.

Lead in Teeth. Lead measurement in teeth has involved either whole tooth sampling or
analysis of specific regions such as dentine or circumpulpal dentine. In either case, samples
must be solubilized after careful surface cleaning to remove contamination; solubilization is
usually accompanied by either wet-ashing directly or ashing subsequent to a dry-ashing step.

Atomic absorption spectrometry and ASV have been employed more frequently for such deter-
minations than any other method. With AAS, the high mineral content of teeth argues for pre-
liminary isolation of lead via chelation/extraction. The relative precision of analysis for
within-run measurement is around 5-7 percent, with the main determinant of variance in
regional assay being the initial isolation step. One change from the usual methods for such
measurement is the j_n situ measurement of lead by X-ray fluorescence spectrometry in children.
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Lead measured in this fashion allows observation of ongoing lead accumulation, rather than
waiting for exfoliation.

Lead in Hair. The analysis of lead in hair as an exposure indicator offers the advan-
tages of being a noninvasive procedure that uses a medium of indefinite stability. However,
there is still the crucial problem of external surface contamination, which is such that it is
still not possible to state that any cleaning protocol reliably differentiates between exter-
nally and internally deposited lead.

Studies that demonstrate a correlation between increasing hair lead and increasing sever-
ity of a measured effect probably support arguments for using hair as an external indicator of
exposure. However, such measurement using cleaning protocols that have not been independently
validated will overstate the relative accumulation of "internal" hair lead in terms of some
endpoint and will also underestimate the relative sensitivity of changes in internal lead con-
tent with exposure. One consequence of this would be, for example, an apparent threshold for
a given effect in terms of hair lead which is significantly above the actual threshold.
Because of these concerns, the analysis of hair lead is best used with the simultaneous mea-
surement of blood lead.

Lead in Urine. The analysis of lead in urine is complicated by the relatively low levels
of the element in this medium, as well as the complex mixture of other mineral elements pres-
ent. Urine lead levels are most useful and also somewhat easier to determine in cases of
chelation mobilization or chelation therapy, where levels are high enough to permit good pre-
cision and dilution of matrix interference.

Samples are probably best analyzed by prior chemical wet-ashing, using the usual mixture
of acids. Both ASV and AAS have been applied to urine analysis, with the latter more routine-
ly used and usually with a chelation/extraction step.

Lead in Other Tissues. Bone samples require cleaning procedures for removal of muscle
and connective tissue and chemical solubilization prior to analysis. Methods of analysis are
comparatively limited and flameless AAS is the technique of choice.

In vivo lead measurements in bone have been reported with lead workers using X-ray fluo-
rescence analysis and a radioisotopic source for excitation. One problem with this approach
with moderate lead exposure is the detection limit, which is approximately 20 ppm. Soft organ
analysis poses a problem in terms of heterogeneity in lead distribution within an organ (e.g.,
brain and kidney). In such cases, regional sampling or homogenization must be carried out.
Both flame and flameless AAS appear to be satisfactory for soft tissue analysis and are the
most widely used analytical methods.

Quality Assurance Procedures in Lead Analyses. In terms of available information, the
major focus in establishing quality control protocols for lead has involved whole blood meas-
urements. Translated into practice, quality control revolves around steps employed within the
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laboratory, using a variety of internal checks, and the further reliance on external checks,
such as a formal continuing multi-laboratory proficiency testing program.

Within the laboratory, quality assurance protocols can be divided into start-up and rou-
tine procedures. The former involves establishment of detection limits, within-run and
between-run precision, analytical recovery, and comparison with some reference technique with-
in or outside the laboratory. The reference method is assumed to be accurate for the parti-
cular level of lead in some matrix at a particular point in time. Correlation with such a
method at a satisfactory level, however, may simply indicate that both methods are equally
inaccurate but performing with the same level of precision proficiency. More preferable is
the use of certified samples having lead at a level established by the definitive method.

For blood lead, the Centers for Disease Control (CDC) periodically survey overall accu-
racy and precision of methods used by reporting laboratories. In terms of overall accuracy
and precision, one such survey found that ASV, as well as the Delves cup and extraction varia-
tions of AAS, performed better than other procedures. These results do not mean that a given
laboratory cannot perform better with a particular technique; rather, such data are of assist-
ance for new facilities choosing among methods.

Of particular value to laboratories carrying out blood lead analyses are the external
quality assurance programs at both the State and Federal levels. The most comprehensive pro-
ficiency testing program is that carried out by the CDC. This program actually consists of
two subprograms, one directed at facilities involved in lead poisoning prevention and screen-
ing (Center for Environmental Health) and the other concerned with laboratories seeking certi-
fication under the Clinical Laboratories Improvement Act of 1967, as well as under regulations
of the Occupational Safety and Health Administration's (OSHA) Laboratory Improvement Program
Office. Judging from the relative overall improvements in reporting laboratories over the
years of the programs' existence, the proficiency testing programs have served their purpose
well. In this regard, OSHA criteria for laboratory certification require that eight of nine
samples be analyzed correctly for the previous quarter. This level of required proficiency
reflects the ability of a number of laboratories to actually perform at this level.

1.9.2 Detennination of Biochemical Indices of Lead Exposure in Biological Media
Determination of Erythrocyte Porphyrin (Free Erythrocyte Protoporphyrin, Zinc Protopor-

phyrin). With lead exposure, erythrocyte protoporphyrin IX accumulates because of impaired
placement of divalent iron to form h^me. Instead, divalent zinc occupies the place of the
native iron. Depending upon the method of analysis, either metal-free erythrocyte porphyrin
(EP) or zinc protoporphyrin (ZPP) is measured, the former arising from loss of zinc in the
chemical manipulation. Virtually all methods now in use for EP analysis exploit the ability
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of the porphyrin to undergo intense fluorescence when excited by ultraviolet light. Such
fluorometric methods can be further classified as wet chemical micromethods or direct mea-
suring fluorometry using the hematofluorometer. Because of the high sensitivity of such
measurement, relatively small blood samples are required, with liquid samples or blood collec-
ted on filter paper.

The most common laboratory or wet chemical procedures now in use represent variations of
several common chemical procedures: (1) treatment of blood samples with a mixture of ethyl
acetate/acetic acid followed by a repartitioning into an inorganic acid medium; or (2) solu-
bilization of a blood sample directly into a detergent/buffer solution at a high dilution.
Quantification has been done using protoporpnyrin, coproporphyrin, or zinc protoporphyrin IX
plus pure zinc ion. The levels of precision for these laboratory techniques vary somewhat
with the specifics of analysis. The Piomelli method has a coefficient of variation of 5 per-
cent, while the direct ZPP method using buffered detergent solution is higher and more vari-
able.

The recent development of the hematofluorometer has made it possible to carry out EP mea-
surements in high numbers, thereby making population screening feasible. Absolute calibration
is necessary and requires periodic adjustment of the system using known concentrations of
EP in reference blood samples. Since these units are designed for oxygenated blood (i.e.,
capillary blood), use of venous blood requires an oxygenation step, usually a moderate shaking
for several minutes. Measurement of low or moderate levels of EP can be affected by interfer-
ence with bilirubin. Competently employed, the hematofluorometer is reasonably precise,
showing a total coefficient of variation of 4.1-11.5 percent. While the comparative accuracy
of the unit has been reported to be good relative to the reference wet chemical technique, a
very recent study has shown that commercial units carry with them a significant negative bias,
which may lead to false negatives in subjects having only moderate EP elevation. Such a bias
in accuracy has been difficult to detect in existing EP proficiency testing programs. By com-
parison to wet methods, the hematofluorometer should be restricted to field use rather than
becoming a substitute in the laboratory for chemical measurement, and this field use should
involve periodic split-sample comparison testing with the wet method.

Measurement of Urinary Coproporphyrin. Although EP measurement has largely supplanted
the use of urinary coproporphyrin (CP-U) analysis to monitor excessive lead exposure in
humans, this measurement is still of value in that it reflects active intoxication. The
standard analysis is a fluorometric technique, whereby urine samples are treated with buffer,
and an oxidant (iodine) is added to generate CP from its precursor. The CP-U is then parti-
tioned into ethyl acetate and re-extracted with dilute hydrochloric acid. The working curve
is linear below 5 ug CP/dl urine.
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Measurement of Delta-Aminolevulinic Acid Dehydrase Activity. Inhibition of the activity
of the erythrocyte enzyme delta-aminolevulinic acid dehydrase (ALA-D) by lead is the basis for
using such activity in screening for excessive lead exposure. A number of sampling and sample
handling precautions attend such analysis. Since zinc (II) ion will offset the degree of
activity inhibition by lead, blood collecting tubes must have extremely low zinc content,
which essentially rules out the use of rubber-stoppered blood tubes. Enzyme stability is such
that the activity measurement is best carried out within 24 hr of blood collection. Porpho-
bilinogen, the product of enzyme action, is light labile and requires the assay be done in
restricted light. Various procedures for ALA-D measurement are based on measurement of the
level of the chromophoric pyrrole (approximately 555 nm) formed by condensation of the porpho-
bilinogen with p-dimethylaminobenzaldehyde.

In the European Standardized Method for ALA-D activity determination, blood samples are
hemolyzed with water; ALA solution is then added, followed by incubation at 37°C, and the
reaction terminated by a solution of mercury (II) in trichloroacetic acid. Filtrates are
treated with modified Ehrlich's reagent (p-dimethylaminobenzaldehyde) in trichloroacetic/
perchloroacetic acid mixture. Activity is quantified in terms of micromoles ALA/min per liter
of erythrocytes.

One variation in the above procedure is the initial use of a thiol agent, such as dithio-
threotol, to reactivate the enzyme and give a measure of the full native activity of the
enzyme. The ratio of activated/unactivated activity versus blood lead levels accommodates
genetic differences between individuals.

Measurement of Delta-Aminolevulim'c Acid in Urine and Other Media. Levels of delta-
aminolevulinic acid (ALA) in urine and plasma increase with elevated lead exposure. Thus,
measurement of this metabolite, generally in urine, provides an index of the level of lead
exposure. ALA content of urine samples (ALA-U) is stable for about 2 weeks or more with sam-
ple acidification and refrigeration. Levels of ALA-U are adjusted for urine density or
expressed per unit creatinine. If feasible, 24-hr collection is more desirable than spot sam-
pling.

Virtually all the various procedures for ALA-U measurement employ preliminary isolation
of ALA from the balance of urine constituents. In one method, further separation of ALA from
the metabolite aminoacetone is done because atninoacetone can interfere with colorimetric mea-
surement. ALA is recovered, condensed with a beta-dicarbonyl compound, e.g., acetyl acetone,
to yield a pyrrole intermediate. This intermediate is then reacted with p-dimethylamino-
benzaldehyde in perchloric/acetic acid, followed by colorimetric reading at 553 nm. In one
variation of the basic methodology, ALA is condensed with ethyl acetoacetate directly and the
resulting pyrrole extracted with ethyl acetate. Ehrlich's reagent is then added as in other
procedures and the resulting chromophore is measured spectrophotometrically.
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Measurement of ALA in plasma is much more difficult than in urine, since plasma ALA is at
nanogram/mil1iter levels. In one gas-liquid chromatographic procedure, ALA is isolated from
plasma, reacted with acetyl acetone and partitioned into a solvent that also serves for pyro-
lytic methylation of the involatile pyrrole in the injector port of the chromatograph, making
the derivative more volatile. For quantification, an internal standard, 6-amino-5-oxohexanoic
acid, is used. While the method is more involved, it is more specific than the older colori-
metric technique.

Measurement of Pyrimidine-5'-Nucleotidase Activity. Erythrocyte pyrimidine-B'-nucleo-
tidase (Py5N) activity is inhibited with lead exposure. Currently, two different methods are
used for assaying the activity of this enzyme. The older method is quite laborious in time
and effort, whereas the more recent approach is shorter and uses radioisotopes and radiometric
measurement.

In the older method, heparinized venous blood is filtered through cellulose to separate
erythrocytes from platelets and leukocytes. Cells are then freeze-fractured and the hemo-
lysates dialyzed to remove nucleotides and other phosphates. This dialysate is then incubated
in the presence of a nucleoside monophosphate and cofactors, the enzyme reaction being termi-
nated by treatment with trichloroacetic acid. The inorganic phosphate isolated from added
substrate is measured colorimetrically as the phosphomolybdic acid complex.

In the radiometric assay, hemolysates obtained as before are incubated with pure 14C-
cytidinemonophosphate. By addition of a barium hydroxide/zinc sulfate solution, proteins and
unreacted nucleotide are precipitated, leaving labeled cytidine in the supernatant. Aliquots
are measured for 14C-activity in a liquid scintillation counter. This method shows a good
correlation with the earlier technique.

Measurement of Plasma 1,25-Dihydroxyvitamin D. Measurement techniques for this vitamin D
metabolite, all of recent vintage, consist of three main parts: (1) isolation from plasma or
serum by liquid-liquid extraction; (2) preconcentration of the extract and chromatographic
purification using Sephadex LH-20 or Lipidex 5000 columns, as well as high performance liquid
chromatography (HPLC) in some cases; and (3) quantification by either of two radiometric bind-
ing techniques, the more common competitive protein binding (CPB) assay or radioimmunoassay
(RIA). The CPB assay uses a receptor protein in intestinal cytosol of chicks made vitamin
D-deficient.

In one typical study, human adults had a mean 1,25-dihydroxyvitamin 0 level of 31
picograms/ml. The limit of detection was 5 picograms/analytical tube, and within-run and
between-run coefficients of variation were 17 and 26 percent, respectively. In a recent
interlaboratory survey involving 15 laboratories, the level of variance was such that it was
recommended that each laboratory should establish its own reference values.
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1.10 METABOLISM OF LEAD
Toxicokinetic parameters of lead absorption, distribution, retention, and excretion rela-

ting external environmental lead exposure to various adverse effects are discussed in this
section. Also considered are various influences on these parameters, e.g., nutritional
status, age, and stage of development. A number of specific issues regarding lead metabolism
by animals and humans are addressed, including the following:

1. How does the developing organism (from gestation to maturity) differ from the adult
in toxicokinetic response to lead intake?

2. What do these differences in lead metabolism portend for relative risk of adverse
effects?

3. What are the factors that significantly change the toxicokinetic parameters in ways
relevant to assessing health risk?

4. How do the various interrelationships among body compartments of lead translate to
assessment of internal exposure and changes in internal exposure?

1.10.1 Lead Absorption in Humans and Animals
There are four ways in which lead may be absorbed by the body. The amount of lead enter-

ing the bloodstream via these routes of absorption is influenced not only by the levels of the
element in a given medium, but also by various physical and chemical parameters and specific
host factors, such as age and nutritional status.

Respiratory Absorption of Lead. The movement of lead from ambient air to the bloodstream
is a two-part process: deposition of some fraction of inhaled air lead in the deeper part of
the respiratory tract and absorption of the deposited fraction. For adult humans, the deposi-
tion rate of particulate airborne lead as likely encountered by the general population is
around 30-50 percent, with these rates being modified by such factors as particle size and
ventilation rates. All of the lead deposited in the lower respiratory tract appears to be ab-
sorbed, so that the overall absorption rate is governed by the deposition rate, i.e., approxi-
mately 30-50 percent. Autopsy results showing no lead accumulation in the lung indicate total
absorption of deposited lead.

All of the available data for lead uptake via the respiratory tract in humans have been
obtained with adults. Respiratory uptake of lead in children, while not fully quantifiable,
appears to be comparatively greater on a body-weight basis. A second factor influencing the
relative deposition rate in children Is airway dimensions; one report has estimated that the
10-year-old child has a deposition rate 1.6- to 2.7-fold higher than the adult on a weight
basis.
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The chemical form of the lead compound inhaled does not appear to be a major determinant
of the extent of alveolar absorption of lead. While experimental animal data for quantitative
assessment of lead deposition and absorption for the lung and upper respiratory tract are
limited, available information from the rat, rabbit, dog, and nonhuman primate support the
findings that respired lead in humans is extensively and rapidly absorbed. Over the range of
air lead encountered by the general population, absorption rate does not appear to depend on
air lead level.

Gastrointestinal Absorption of Lead. Gastrointestinal (GI) absorption of lead mainly in-
volves lead uptake from food and beverages as well as lead deposited in the upper respiratory
tract and eventually swallowed. It also includes ingestion of non-food material, primarily in
children via normal mouthing activity and pica. Two issues of concern with lead uptake from
the gut are the comparative rates of such absorption in developing versus adult organisms, in-
cluding humans, and how the relative bioavailability of lead affects such uptake.

By use of metabolic balance and isotopic (radioisotope or stable isotope) studies, var-
ious laboratories have provided estimates of lead absorption in the human adult on the order
of 10-15 percent. This rate can be significantly increased under fasting conditions to 45
percent, compared to lead ingested with food. The latter figure also suggests that beverage
lead is absorbed to a greater degree since much beverage ingestion occurs between meals.

The relationship of the chemical/biochemical form of lead in the gut to absorption rate
has been studied, although interpretation is complicated by the relatively small amounts given
and the presence of various components in food already present in the gut. In general, how-
ever, chemical forms of lead and their incorporation into biological matrices seem to have a
minimal impact on lead absorption in the human gut. Several studies have focused on the ques-
tion of differences in GI absorption rates for lead between children and adults. Such rates
for children are considerably higher than for adults: 10-15 percent for adults versus approx-
imately 50 percent for children. Available data f»r the absorption of lead from nonfood items
such as dust and dirt on hands are limited, but one study has estimated a figure of 30 per-
cent. For paint chips, a value of about 17 percent has been estimated.

Experimental animal studies show that, like humans, the adult animal absorbs much less
lead from the gut than the developing animal. Adult rats maintained on ordinary rat chow ab-
sorb 1 percent or less of the dietary lead. Various animal studies make it clear that the
newborn absorbs a much greater amount of lead than the adult, supporting studies showing this
age-dependency in humans. For example, compared to an absorption rate of about 1 percent in
adult rats, the rat pup has a rate 40-50 times greater. Part, but not most, of this differ-
ence can be ascribed to a difference in dietary composition. In nonhuman primates, infant
monkeys absorb 65-85 percent of lead from the gut, compared to 4 percent for the adults.
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The bioavailability of lead in the GI tract as a factor in its absorption has been the
focus of a number of experimental studies. These data show that: (1) lead in a number of
forms is absorbed about equally, except for lead sulfide; (2) lead in dirt and dust and as
different chemical forms is absorbed at about the same rate as pure lead salts added to a
diet; (3) lead in paint chips undergoes significant uptake from the gut; and (4) in some
cases, physical size of particulate lead can affect the rate of GI absorption. In humans, the
GI absorption rate of lead appears to be independent of the quantity of lead already in the
gut up to a level of at least 400 ug. In animals, dietary lead levels between 10 and 100 ppm
result in reduced absorption of lead from the GI tract.

Percutaneous Absorption of Lead. Absorption of inorganic lead compounds through the skin
is of much less significance than absorption through respiratory and GI routes. On the other
hand, absorption through skin is far more significant than other routes of exposure for the
lead alkyls (see Section 1.10.6). One recent study using human volunteers and 203Pb-1abeled
lead acetate showed that under normal conditions, skin absorption of lead alkyls approached
0.06 percent.

Transplacental Transfer of Lead. Lead uptake by the human and animal fetus occurs readi-
ly; this uptake is apparent by the 12th week of gestation in humans and increases throughout
fetal development. Cord blood contains significant amounts of lead, correlating with but
somewhat lower than maternal blood lead levels. Further evidence for such transfer, besides
the measured lead content of cord blood, includes fetal tissue analyses and reduction in
maternal blood lead during pregnancy. There also appears to be a seasonal effect on the
fetus, with summer-born children showing a trend to higher blood lead levels than those born
in the spring.

1.10.2 Distribution of Lead in Humans and Animals
In this subsection, the distributional characteristics of lead in various portions of the

body (blood, soft tissue, calcified tissue, and the "chelatable" or potentially toxic body
burden) are discussed as a function of such variables as exposure history and age.

Lead in Blood. More than 99 percent of blood lead in humans is associated with the
erythrocytes under steady-state conditions, but it is the very small fraction transported in
plasma and extracellular fluid that provides lead to the various body organs. Most (~50 per-
cent) of the erythrocyte lead is bound within the cell, primarily associated with hemoglobin
(particularly HbA2), with approximately 5 percent bound to a 10,000-dalton fraction, 20 per-
cent to a heavier molecule, and 25 percent to lower-weight species. Several studies with lead
workers and patients indicate that the fraction of lead in plasma versus whole blood increases
above approximately 50-60 ug/dl blood lead.

1-71



Whole blood lead in daily equilibrium with other compartments in adult humans appears to
have a biological half-life of 25-28 days and amounts to about 1.9 mg in total lead content,
based on isotope studies. Other data from lead-exposed workers indicate that half-life
depends on mobile lead burden. Human blood lead responds rather quickly to abrupt changes in
exposure. With increased lead intake, blood lead achieves a new value in approximately 40-60
days, while a decrease in exposure may be associated with variable new blood values, depending
upon the exposure history. This dependence presumably reflects lead resorption from bone.
With age, furthermore, a moderate increase occurs in blood lead during adulthood. Levels of
lead in blood of children tend to show a peak at 2-3 years of age (probably caused by mouthing
activity), followed by a decline. In older children and adults, levels of lead are sex-
related, with females showing lower levels than males even at comparable levels of exposure.

In plasma, virtually all lead is bound to albumin and only trace amounts to high-weight
globulins. Which of these binding forms constitutes an "active" fraction for movement to
tissues is impossible to state. The most recent studies of the erythrocyte/plasma relation-
ship in humans indicate an equilibrium between these blood compartments, such that levels in
plasma rise with levels in whole blood in fixed proportion up to approximately 50-60 ug/dl,
whereupon the relationship becomes curvilinear.

Lead Levels in Tissues. Of necessity, various relationships of tissue lead to exposure
and toxicity in humans must generally be obtained from autopsy samples. Limitations on these
data include questions of how such samples represent lead behavior in the living population,
particularly with reference to prolonged illness and disease states. The adequate characteri-
zation of exposure for victims of fatal accidents is a problem, as is the fact that such
studies are cross-sectional in nature, with different age groups assumed to have had similar
exposure in the past.

Soft tissues. After age 20, most soft tissues (in contrast to bone) in humans do not
show age-related changes. Kidney cortex shows an increase in lead with age, which may be
associated with the formation of nuclear inclusion bodies. Absence of lead accumulation in
most soft tissues results from a turnover rate for "lead similar to that in blood.

Based on several autopsy studies, soft-tissue lead content for individuals not occupa-
tional^ exposed is generally below 0.5 ug/g wet weight, with higher values for aorta and kid-
ney cortex. Brain tissue lead level is generally below 0.2 ug/g wet weight and shows no
change with increasing age, although the cross-sectional nature of these data would make
changes in low levels of brain lead difficult to discern. Autopsy data for both children and
adults indicate that lead is selectively accumulated in the hippocampus, a finding that is
also consistent with the regional distribution in experimental animals.
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Comparisons of lead levels in soft-tissue autopsy samples from children with results from
adults indicate that such values are lower in infants than in older children, while children
aged 1-16 years had levels comparable to those for adult women. In one study, lead content of
brain regions did not materially differ for infants and older children compared to adults.
Complicating these data somewhat are changes in tissue mass with age, although such changes
are less than for the skeletal system.

Subcellular distribution of lead in soft tissue is not uniform. High amounts of lead are
sequestered in the mitochondria and nucleus of the cell. Nuclear accumulation is consistent
with the existence of lead-containing nuclear inclusions in various species and a large body
of data demonstrating the sensitivity of mitochondria to injury by lead.

Mineralizing tissue. Lead becomes localized and accumulates in human calcified tissues,
i.e., bones and teeth. This accumulation in humans begins with fetal development and con-
tinues to approximately 60 years of age. The extent of lead accumulation in bone ranges up to
200 mg in men ages 60-70 years, while in women lower values have been measured. Based upon
various studies, approximately 95 percent of total body lead is lodged in the bones of human
adults, with uptake distributed over trabecular and compact bone. In the human adult, bone
lead is both the most inert and the largest body pool, and accumulation can serve to maintain
elevated blood lead levels years after exposure, particularly occupational exposure, has
ended.

By comparison to human adults, only 73 percent of body lead is lodged in the bones of
children, which is consistent with other information that the skeletal system of children is
more metabolically active than that of adults. Furthermore, bone tissue in children is less
dense than in adults. While the increase in bone lead level across childhood is modest, about
two-fold if expressed as concentration, the total accumulation rate is actually 80-fold when
one takes into account the 40-fold increase in skeletal mass that children undergo. To the
extent that some significant fraction of total bone lead in children and adults is relatively
labile, in terms of health risk for the whole organism it is more appropriate to consider the
total accumulation rather than just changes in concentration.

The traditional view that the skeletal system is a "total" sink for body lead (and by
implication a biological safety feature to permit significant exposure in industrialized popu-
lations) never did agree with even older information on bone physiology, e.g., bone remodel-
ling. This view is now giving way to the idea that there are at least several bone compart-
ments for lead, with different mobility profiles. Bone lead, then, may be more of an insid-
ious source of long-term internal exposure than a sink for the element. This aspect of the
issue is summarized more fully in the next section. Available information from studies of
uranium miners and human volunteers who ingested stable isotopes indicates that there is a
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relatively inert bone compartment for lead, having a half-life of several decades, as well as
a rather labile compartment that permits an equilibrium between bone and tissue lead.

Tooth lead also increases with age at a rate proportional to exposure and roughly propor-
tional to blood lead in humans and experimental animals. Dentine lead is the component of
teeth that is perhaps the most responsive to lead exposure since it is laid down from the time
of eruption until shedding. This characteristic underlies the usefulness of dentine lead
levels in assessing long-term exposure.

Chelatable lead. Mobile lead in organs and systems is potentially more active toxicolog-
ically in terms of being available to biological sites of action. Hence, this fraction of
total body lead burden is a more significant predictor of imminent toxicity. In reality,
direct measurement of such a fraction in human subjects would not be possible. In this
regard, chelatable lead, measured as the extent of plumburesis in response to administration
of a chelating agent, specifically CaNa2EDTA, is now viewed as the most useful probe of undue
body burden in children and adults.

A quantitative description of the inputs to the body lead fraction that is chelant-
mobilizable is difficult to define fully, but it most likely includes a labile lead compart-
ment within bone as well as within soft tissues. Support for this view includes the follow-
ing: (1) the age-dependency of chelatable lead, but not lead in blood or soft tissues;
(2) evidence of removal of bone lead in chelation studies with experimental animals; (3) i_n
vitro studies of lead mobilization in bone organ explants under closely defined conditions;
(4) tracer-modeling estimates in human subjects; and (5) the complex nonlinear relationship of
blood lead and lead intake through various media. Data for children and adults showing a
logarithmic relationship of chelatable lead to blood lead and the phenomenon of "rebound" in
blood lead elevation after chelation therapy regimens (without obvious external re-exposure)
offer further support.

Animal studies. Animal studies have helped to define some of the relationships of lead
exposure to j_n vivo distribution of the element, particularly the impact of skeletal lead on
whole body retention. In rats, lead administration results in an initial increase of lead
levels in soft tissues, followed by loss of lead from soft tissue via excretion and transfer
to bone. Lead distribution appears to be relatively independent of dose. Other studies have
shown that lead loss from organs follows first-order kinetics except for loss from bone, and
that the skeletal system in rats and mice is the kinetically rate-limiting step in whole-body
lead clearance.

The neonatal animal seems to retain proportionally higher levels of tissue lead compared
to the adult and manifests slow decay of brain lead levels while showing a significant decline
over time in other tissues. This decay appears to result from enhanced lead entry to the
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brain because of a poorly developed brain barrier system as well as from enhanced body reten-
tion of lead by young animals.

The effects of such changes as metabolic stress and nutritional status on body redistri-
bution of lead have been noted. Lactating mice, for example, are known to demonstrate tissue
redistribution of lead, specifically bone-lead resorption with subsequent transfer of both
lead and calcium from mother to pups.

1.10.3 Lead Excretion and Retention in Humans and Animals
Human Studies. Dietary lead in humans and animals that is not absorbed passes through

the GI tract and is eliminated with feces, as is the fraction of air lead that is swallowed
and not absorbed. Lead entering the bloodstream and not retained is excreted through the
renal and GI tracts, the latter via biliary clearance. The amounts excreted through these
routes are a function of such factors as species, age, and exposure characteristics.

Based upon the human metabolic balance data and isotope excretion findings of various in-
vestigators, short-term lead excretion in adult humans amounts to 50-60 percent of the ab-
sorbed fraction, with the balance moving primarily to bone and some fraction (approximately
half) of this stored amount eventually being excreted. This estimated overall retention
figure of 25 percent necessarily assumes that isotope clearance reflects the clearance rates
for body lead in all compartments. The rapidly excreted fraction has a biological half-life
of 20-25 days, similar to that for lead removal from blood, based on isotope data. This simi-
larity indicates a steady rate of lead clearance from the body. In terms of partitioning of
excreted lead between urine and bile, one study indicates that the rate of biliary clearance
is about 50 percent that of renal clearance.

Lead accumulates in the human body, mainly in bone, up to around 60 years of age, when a
decrease occurs with changes in intake as well as in bone mineral metabolism. As noted
earlier, the total amount of lead in long-term retention can approach 200 mg (and even much
higher in the case of occupational exposure). This rate corresponds to a lifetime average
retention rate of 9-10 ug Pb/day. Within shorter time frames, however, retention will vary
considerably because of such factors as development, disruption in the individuals' equilib-
rium with lead intake, and the onset of such states as osteoporosis.

The age-dependency of lead retention/excretion in humans has not been well studied, but
most of the available information indicates that children, particularly infants, retain a sig-
nificantly higher amount of lead than adults. While autopsy data indicate that pediatric sub-
jects at isolated points in time actually have a lower fraction of body lead lodged in bone
(which probably relates to the less dense bones of children as well as high bone mineral turn-
over), a full understanding of longer-term retention over childhood must consider the exponen-
tial growth rate occurring in children's skeletal systems over the time period for which bone
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lead concentrations have been gathered. This parameter itself represents a 40-fold mass in-
crease. Thus, this significant skeletal growth rate has an impact on an obvious question: if
children take in more lead on a body-weight basis than adults, absorb and retain more lead
than adults, and show only modest elevations in blood lead compared to adults in the face of a
more active skeletal system, where does the lead go? A second factor is the assumption that
blood lead in children relates to body lead burden in the same quantitative fashion as in
adults, an assumption that remains to be proven adequately.

Animal Studies. In rats and other experimental animals, both urinary and fecal excretion
appear to be important routes of lead removal from the organism. The relative partitioning
between the two modes is species- and dose-dependent. With regard to species differences,
biliary clearance of lead in the dog is but 2 percent of that for the rat, while such excre-
tion in the rabbit is 50 percent that of the rat.

Lead movement from laboratory animals to their offspring via milk constituents is a route
of excretion for the mother as well as a route of exposure for the young. Comparative studies
of lead retention in developing versus adult animals such as rats, mice, and nonhuman primates
make it clear that retention is significantly greater in the young animal. These observations
support those studies showing greater lead retention in children. Some recent data indicate
that a differential retention of lead in young rats persists into the post-weaning period,
calculated as either uniform dosing or uniform exposure.

1.10.4 Interactions of Lead with Essential Metals and Other Factors
The toxicological behavior of elements such as lead is affected by interactions with a

variety of biochemical factors, particularly nutrients.
Human Studies. In humans, the interactive behavior of lead and various nutritional fac-

tors is expressed most significantly in young children, with such interactions occurring
against a backdrop of deficiencies in a number of nutritional components. Various surveys
have indicated that iron, calcium, zinc, and vitamin deficiencies are widespread among the
pediatric population, particularly the poor. A number of reports have documented the associ-
ation of lead absorption with suboptimal nutritional states for iron and calcium, with reduced
intake being associated with increased lead absorption.

Animal Studies. Reports of lead-nutrient interactions in experimental animals have
generally described such relationships for a single nutrient, using relative absorption or
tissue retention in the animal to index the effect. Most of the recent data are for calcium,
iron, phosphorus, and vitamin D. Many studies have established that diminished dietary calci-
um is associated with increased blood and soft-tissue lead content in such diverse species as
the rat, pig, horse, sheep, and domestic fowl. The increased body burden of lead arises from
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both increased GI absorption and retention, indicating that the lead-calcium interaction
operates at both the gut wall and within body compartments. Lead appears to traverse
the gut via both passive and active transfer. It involves transport proteins normally operat-
ing for calcium transport, but is taken up at the site of phosphorus, not calcium, absorption.

Iron deficiency is associated with an increase of lead in tissues and increased toxicity,
effects that are expressed at the level of lead uptake by the gut wall. In vitro studies
indicate an interaction through receptor-binding competition at a common site, which probably
involves iron-binding proteins. Similarly, dietary phosphate deficiency enhances the extent
of lead retention and toxicity via increased uptake of lead at the gut wall, as both lead and
phosphate are absorbed at the same site in the small intestine. Results of various studies of
the resorption of phosphate along with lead have not been able to identify conclusively a
mechanism for the elevation of tissue lead. Since calcium plus phosphate retards lead absorp-
tion to a greater degree than simply the sums of the interactions, an insoluble complex of all
these elements may be the basis of this retardation.

Unlike the inverse relationship existing for calcium, iron, and phosphate versus lead up-
take, vitamin D levels appear directly related to the rate of lead absorption from the GI
tract, since the vitamin stimulates the same region of the duodenum where lead is absorbed. A
number of other nutrient factors are known to have an interactive relationship with lead:

1. Increases in dietary lipids increase the extent of lead absorption, with the extent
of the increase being highest with polyunsaturates and lowest with saturated fats,
e.g., tristearin.

2. The interactive relationship of lead and dietary protein is not clear cut, and
either suboptimal or excess protein intake will increase lead absorption.

3. Certain milk components, particularly lactose, greatly enhance lead absorption in
the nursing animal.

4. Zinc deficiency promotes lead absorption, as does reduced dietary copper.

Taken collectively, human and animal data dealing with the interaction of lead and nutri-
ents indicate that children having multiple nutrient deficiencies are in the highest exposure
risk category.

1.10.5 Interrelationships of Lead Exposure with Exposure Indicators and Tissue Lead Burdens__ _ . / " —~" ~~~~~~ "—~
Three issues involving lead toxicokinetics evolve toward a full connection between lead

exposure and its adverse effects: (1) the temporal characteristics of internal indices of
lead exposure; (2) the biological aspects of the relationship of lead in various media to
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various indicators in internal exposure; and (3) the relationship of various internal indica-
tors of exposure to target tissue lead burdens.

Temporal Characteristics of Internal Indicators of Lead Exposure. The biological half-
life for newly absorbed lead in blood may be as short as weeks, several months, or even
longer, depending on the mobile lead burden in the body. Compared to mineral tissues, this
medium reflects relatively recent exposure. If recent exposure is fairly representative of
exposure over a considerable period of time, e.g., as in the case of lead workers, then blood
lead is more useful than for cases where exposure is intermittent or different across time,
as in the case of lead exposure of children. Accessible mineralized tissue, such as shed
teeth, extend the time frame back to years of exposure, since teeth accumulate lead with age
and as a function of the extent of exposure. Such measurements are, however, retrospective in
nature, in that identification of excessive exposure occurs after the fact and thus limits the
possibility of timely medical intervention, exposure abatement, or regulatory policy concerned
with ongoing control strategies.

Perhaps the most practical solution to the dilemma posed by the different temporal
characteristics of tooth and blood lead analyses is in situ measurement of lead in teeth or
bone during the time when active accumulation occurs, e.g., 2- to 3-year-old children. Avail-
able data using X-ray fluorescence analysis do suggest that such approaches are feasible and
can be reconciled with such issues as-acceptable radiation hazard risk to subjects.

Biological Aspects of External Exposure/Internal Indicator Relationships. The literature
indicates clearly that the relationship between lead in media relevant for human exposure and
blood lead is curvilinear when viewed over a relatively broad range of blood lead values.
This curvilinearity implies that the unit change in blood lead per unit intake of lead in some
medium varies across this range of exposure, with comparatively smaller blood lead changes
occurring as internal exposure increases.

Given our present knowledge, such a relationship cannot be taken to mean that body uptake
of lead is proportionately lower at higher exposure, because it may simply mean that blood
lead becomes an increasingly unreliable measure of target-tissue lead burden with increasing
exposure. While the basis of the curvilinear relationship remains to be identified, available
animal data suggest that it may be related to the increasing fraction of blood lead in plasma
as blood lead increases above approximately 50-60 (jg/dl.

Internal Indicator/Tissue Lead Relationships. In living human subjects, direct deter-
mination of tissue lead burdens or how these relate to adverse effects in target tissues is
not possible. Some accessible indicator (e.g., measurements of lead or a biochemical surro-
gate of lead such as erythrocyte protoporphyrin in a medium such as blood), must be employed.
While blood lead still remains the only practical measure of excessive lead exposure and
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health risk, evidence continues to accumulate that such an index has some limitations in
either reflecting tissue lead burdens or changes in such tissues with changes in exposure.

At present, the measurement of plumburesis associated with challenge by a single dose of
a lead-chelating agent such as CaNa2EDTA is considered the best indicator of the mobile,
potentially toxic fraction of body lead. Chelatable lead is logarithmically related to blood
lead, such that an incremental increase in blood lead is associated With an increasingly
larger increment of mobilizable lead. The problems associated with this logarithmic relation-
ship may be seen in studies of children and lead workers in whom moderate elevation in blood
lead levels can disguise levels of mobile body lead. In one recent multi-institution study of
210 children, for example, 12 percent of children with blood lead 30-39 ug/dl, and 38 percent
with levels of 40-49 ug/dl, had a positive EDTA-challenge response and required further eval-
uation or treatment. At blood lead levels such as these, the margin of protection against
severe intoxication is reduced. The biological basis of the logarithmic chelatable-lead/
blood-lead relationship rests, in large measure, with the existence of a sizeable bone lead
compartment that is mobile enough to undergo chelation removal and, hence, potentially mobile
enough to move into target tissues.

Studies of the relative mobility of chelatable lead over time indicate that, in former
lead workers, removal from exposure leads to a protracted washing out of lead (from bone re-
sorption of lead) to blood and tissues, with preservation of a bone burden amenable to subse-
quent chelation. Studies with children are inconclusive, since the one investigation directed
to this end employed pediatric subjects who all underwent chelation therapy during periods of
severe lead poisoning. Animal studies demonstrate that changes in blood lead with increasing
exposure do not agree with tissue uptake in a time-concordant fashion, nor does decrease in
blood lead with reduced exposure signal a similar decrease in target tissue, particularly in
the brain of the developing organism.

1.10.6 Metabolism of Lead Alkyls
The lower alkyl lead components used as gasoline additives, tetraethyl lead (TEL) and

tetramethyl lead (TML), may themselves pose a toxic risk to humans. In particular, there is
among children a problem of sniffing leaded gasoline.

Absorption of Lead Alkyls in Humans and Animals. Human volunteers inhaling labeled TEL
and TML show lung deposition rates for the lead alkyls of 37 and 51 percent, respectively,
values which are similar to those for particulate inorganic lead. Significant portions of
these deposited amounts were eventually absorbed. Respiratory absorption of organolead bound
to particulate matter has not been specifically studied as such.
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While specific data for the GI absorption of lead alkyls in humans and animals are not
available, their close similarity to organotin compounds, which are quantitatively absorbed,
would argue for extensive GI absorption. In contrast to inorganic lead salts, the lower lead
alkyls are extensively absorbed through the skin and animal data show lethal effects with per-
cutaneous uptake as the sole route of exposure.

Biotransformation and Tissue Distribution of Lead Alkyls. The lead alkyls TEL and TML
undergo monodealkylation in the liver of mammalian species via the P-450-dependent mono-
oxygenase enzyme system. Such transformation is very rapid. Further transformation involves
conversion to the dialkyl and inorganic lead forms, the latter accounting for the effects on
heme biosynthesis and erythropoiesis observed in alkyl lead intoxication. Alkyl lead is
rapidly cleared from blood, and shows a higher partitioning into plasma than inorganic lead,
with triethyl lead clearance being more rapid than the methyl analog.

Tissue distribution of alkyl lead in humans and animals primarily involves the trialkyl
metabolites. Levels are highest in liver, followed by kidney, then brain. Of interest is the
fact that there are detectable amounts of trialkyl lead from autopsy samples of human brain
even in the absence of occupational exposure. In humans, there appear to be two tissue com-
partments for triethyl lead, having half-times of 35 and 100 days.

Excretion of Lead Alkyls. With alkyl lead exposure, excretion of lead through the renal
tract is the main route of elimination. The chemical forms being excreted appear to be
species-dependent. In humans, trialkyl lead in workers chronically exposed to alkyl lead is a
minor component of urine lead, approximately 9 percent.

1.11 ASSESSMENT OF LEAD EXPOSURES AND ABSORPTION IN HUMAN POPULATIONS
Chapter 11 describes the effect of environmental lead exposure on human populations in

terms of a change in an internal exposure index that follows changes in external exposures.
The index of internal lead exposure most frequently cited is blood lead level, but other in-
dices such as levels of lead in tooth and bone are also presented. Blood lead level estimates
the body's recent exposure to environmental lead, while teeth and bone lead levels represent
cumulative exposures.

Measurement of lead in blood and other physiological media has been accomplished via a
succession of analytical procedures over the years. With these changes in technology there
has been increasing recognition of the importance of controlling for contamination in the sam-
pling and analytical procedures (see Section 1.9). These advances, as well as the institution
of external quality control programs, have resulted in markedly improved analytic results. A
generalized improvement in analytic results across many laboratories occurred during Federal
Fiscal Years 1977-1979.
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The main discussion in Chapter 11 is structured to achieve four main objectives:

(1) Elucidation of patterns of internal lead exposures in U.S. populations and identi-
fication of important demographic covariates.

(2) Characterization of relationships between external and internal exposures to
lead by exposure medium (air, food, water, or dust).

(3) Identification of specific sources of lead which result in increased internal
exposure levels.

(4) Estimation of the relative contributions of various sources of lead in the environ-
ment to total internal exposure as indexed by blood lead level.

A question of major interest in understanding environmental pollutants is the extent to
which current ambient exposures exceed background levels. Ancient Nubian samples (dated
3300-2900 B.C.) averaged 0.6 ug lead/g for bone and 0.9 ug lead/g for teeth. More recent
Peruvian Indian samples (12th Century) had teeth lead levels of 13.6 ug/g. Contemporary
Alaskan Eskimo samples had a mean of 56.0 M9/9, while Philadelphia samples had a mean of 188.3
ug/g. These data suggest an increasing pattern of lead absorption.

Studies of current populations living in remote areas far from urbanized cultures show
blood lead levels- in the range of 1-5 (jg/dl. In contrast to the blood lead levels found in
remote populations, data from current U.S. populations have geometric means ranging from <10
to 20 pg/dl depending on age, race, sex, and degree of urbanization. These higher current
exposure levels appear to be associated with industrialization and widespread commercial use
of lead, e.g., as gasoline additives.

1.11.1 Levels of Lead and Demographic Covariates in U.S. Populations
The National Center for Health Statistics has provided the best currently available pic-

ture of blood lead levels among United States residents as part of the second National Health
and Nutrition Examination Study (NHANES II) conducted from February, 1976 to February, 1980
(Mahaffey and Michaelson, 1980; McOowell et al., 1981; Mahaffey et al., 1982; Annest et al.,
1982; Annest and Mahaffey, 1984). The national estimates are based on 9933 persons whose
blood lead levels ranged from 2.0 to 66.0 ug/dl. The median blood lead for the entire U.S.
population for the years of the NHANES II study .(1976-1980) is 13.0 ug/dl.

Age appears to be one of the most important demographic covariates of blood lead levels,
with blood lead levels in children generally higher than those in non-occupationally exposed
adults; children aged 2-3 years tend to have the highest blood lead levels. The age trends in
blood lead levels for children under 10 years old, as seen in three studies, are presented in
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Figure 1-13. Blood lead levels in non-occupationally exposed adults may increase slightly
with age due to skeletal lead accumulation.

Sex has a differential impact on blood lead levels depending on age. No significant dif-
ference exists between males and females less than seven years of age. Males above the age of
seven generally have higher blood lead levels than females.

Race also plays a role, in that blacks generally have higher blood lead levels than
either whites or Hispanics, and urban black children (aged 6 mo-5 yr) have markedly higher
blood lead concentrations than any other racial or age group. Possible genetic factors asso-
ciated with race have yet to be fully untangled from differential exposure levels and other
factors as important determinants of blood lead levels.

Blood lead levels also seem to increase with degree of urbanization. Data from NHANES II
show that blood lead levels in the United States, averaged from 1976 to 1980, increase from a
geometric mean of 11.9 ug/dl in rural populations to 12.8 ug/dl in urban populations of less
than one million and increase again to 14.0 ug/dl in urban populations of one m i l l i o n or more
(see Table 1-9). Results obtained from the NHANES II study show that urban children generally
have the highest blood lead levels of any non-occupationally exposed population group. Fur-
thermore, black urban children have significantly higher blood lead levels than white urban
children. Several case control studies of children have shown that blood lead levels are
related to hand lead levels, house dust levels, lead in outside soil, interior paint lead
level, and history of pica.

Knowledge of the distributional form of blood lead levels in a population is important
because the distributional form determines which measure of central tendency (arithmetic mean,
geometric mean, median) is most appropriate. It is even more important in estimating percen-
tiles in the tail of the distribution, which represents those individuals at highest risk of
excess exposure.

Based on examination of NHANES II data, as well as results of several other studies, it
appears that the lognormal distribution is the most appropriate for describing the distribu-
tion of blood lead levels in populations thought to be homogenous in terms of demographic and
lead exposure characteristics. The lognormal distribution appears to fit well across the
entire range, including the upper tail of the distribution. The geometric standard deviation
for four different studies are shown in Table 1-10. The values, including analytic error, are
about 1.4 for children and possibly somewhat smaller for adults. This allows an estimation of
the upper tail of the blood lead distribution, the group at higher risk. A somewhat larger
geometric standard deviation of 1.42 maybe derived from the NHANES II study when only gasoline
and industrial air lead emission exposures are assumed to be controllable sources of varia-
tion.
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TABLE 1-9. WEIGHTED GEOMETRIC MEAN BLOOD LEAD LEVELS
FROM NHANES II SURVEY BY DEGREE OF URBANIZATION OF PLACE OF

RESIDENCE IN THE UNITED STATES BY AGE AND RACE, UNITED STATES 1976-80

Race and age

All races

All ages

6 months-5 years
6-17 years
18-74 years - men:

women:

Whites

All ages

6 months-5 years
6-17 years
18-74 years - men:

women:

Blacks

All ages

6 months-5 years
6-17 years
18-74 years - men:

women:

Urban,
£1 million

14.0*

16.8
13.1
16.9
12.2

14.0

15.6
12.6
16.9
12.4

14.4

20.8
14.6
17.4
11.8

Degree of urbanization
Urban,

<1 million

12.8

15.4
11.7
15.7
11.0

12.5

14.4
11.4
15.4
10.8

14.8

19.2
13.6
18.6
12.4

Rural

11.9

13.0
10.7
15.1
9.8

11.8

12.7
10.5
14.8
9.8

14.4

16.5
13.0
18.3
11.3

*Values are geometric means in ug/dl.

Source: Annest and Mahaffey, 1984; Annest et al. (1982).
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1.11.2 Time Trends in Blood Lead Levels Since 1970
Studies in the United States. Recent U.S. blood lead levels show that a downward trend

has occurred consistently across race, age, and geographic location. The downward pattern
commenced in the early part of the 1970's and has continued into 1980. This downward trend
has occurred as a shift in the entire distribution and not just via a truncation in high blood
lead levels. This consistency suggests a general causative factor and attempts have been made
to identify the causative element; reduction of lead emitted from the combustion of leaded
gasoline is a prime candidate.

TABLE 1-10. SUMMARY OF POOLED GEOMETRIC STANDARD DEVIATIONS AND ESTIMATED ANALYTIC ERRORS

Study

NHANES II

N.Y. Childhood

Pooled geometric standard deviations
Inner-city Inner-city Adult

Black children White children females

1.37a 1.39a 1.36b

1.41 1.42

Adult
males

1.40b

Estimated
analytic
error

0.021

(c)
Screening Study

Tepper- Levin

Azar et al .

Note: To calculate

1.30

1.29

an estimated person-to-person GSD,

0.056U

0.042d

compute Exp [(In(GSD))2 - Analytic Error)̂ ].

A geometric standard deviation of 1.42 may be derived when only gasoline and industrial air
lead emission exposures are assumed to be controllable sources of variability.
pooled across areas of differing urbanization.

cnot known, assumed to be similar to NHANES II.
taken from Lucas (1981).

Blood lead data from the NHANES II study demonstrate well that, on a nationwide basis,
there has been a significant downward trend over time (Annest et al., 1983a). Mean blood lead
levels dropped from 14.6 ug/dl during the first six months of the survey to 9.2 ug/dl during
the last six months. Mean values from these national data presented in six-month increments
from February, 1976 to February, 1980 are displayed in Figure 1-14.

Billick and colleagues (Billick et al., 1979) have analyzed the results of blood lead
screening programs conducted by the City of New York. Geometric mean blood lead levels
decreased for all three racial groups and for almost all age groups in the period 1970-76.
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Figure 1-15 shows that the downward trend covers the entire range of the frequency distribu-
tion of blood lead levels. The decline in blood lead levels showed seasonal variability, but
the decrease in time was consistent for each season.

Cause et al. (1977) present data from Newark, New Jersey, which reinforces the findings
of Billick and coworkers. Cause et al. studied the levels of blood lead among 5- and 6-year-
old children tested by the Newark Board of Education during the academic years 1973-74, 1974-
75, and 1975-76. Blood lead levels declined markedly during this three-year period.

Rabinowitz and Needleman (1982) report a more recent study of umbilical cord blood lead
levels from 11,837 births between April, 1979 and April, 1981 in the Boston area. The overall
mean blood lead concentration was 6.56 ± 3.19 (standard deviation) with a range of 0.0-37.0
ug/dl. A downward trend in umbilical cord blood lead levels was noted over the two years of
the study.

European Studies. There has been a series of publications from various workers in
England who have been examining the question of whether or not time trends in blood lead
levels exist there as well as in the United States (Oxley, 1982; Elwood, 1983a, 1983b; Quinn,
1983; Okubo et al., 1983). These papers cover a variety of exposure situations and popula-
tions. All of them obtained findings analogous to those described above for the United
States, in that there has been a general decline in blood lead levels over the decade of the
1970's; they differ, however, with regard to the magnitude of the decline, when the decline
began, and to what extent the decline may be attributable to a particular source of lead.

In an international study, Friberg and Vahter (1983) compared data on blood lead levels
obtained in 1967 with data for 1981. For areas of the world where there were data collected by
Goldwater and Hoover (1967) as well as the UN/WHO study, there was a substantial reduction in
reported blood lead levels. A cautionary note must be made, however, that the analytic and
human sampling procedures are not the same in the two studies. Therefore these data should be
thought of as providing further, but limited, evidence supporting a recent downward trend in
blood lead levels worldwide.

1.11.3 Gasoline Lead as an Important Determinant of Trends in Blood Lead Levels
Explanations have been sought for declining trends in blood lead levels observed among

population groups in the United States and certain other countries since the early 1970s.
Extensive evidence points towards gasoline lead as being an important determinant of changes
in blood lead levels associated with exposures to airborne lead of populations in the United
States and elsewhere.
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A striking feature of the NHANES II data was a dramatic decline in nationwide average
blood lead levels in the United States during the period (1976-1980) of the survey. In evalu-
ating possible reasons for the observed decrease in the NHANES II blood lead values, Annest
(1983) and Annest et al. (1983b) found highly significant associations between the declining
blood lead concentrations for the overall U.S. population and decreasing amounts of lead used
in gasoline in the United States during the same time period (see Figure 1-16). The associa-
tions persisted after adjusting for race, age, sex, region of the country, season, income, and
degree of urbanization (see Table 1-11). Analogous strong associations (r = 0.95; p < 0.001)
were also found for blood lead levels for white children aged 6 mo-5 yr in the NHANES II
sample and gasoline lead usage.

Two field investigations have attempted to derive an estimate of the amount of lead from
gasoline that is absorbed by the blood of individuals. Both of these investigations used the
fact that the isotopes of lead are stable; thus, the varying proportions of the isotopes pre-
sent in blood and environmental samples can indicate the source of the lead. The Isotopic
Lead Experiment (ILE), reported in Facchetti and Geiss (1982) and Facchetti (1985), was a mas-
sive study that attempted to utilize differing proportions of the isotopes in geologic forma-
tions to infer the proportion of lead in gasoline that is absorbed by the body. The other
study (Manton, 1977; Manton, 1985) utilized existing natural shifts in isotopic proportions in
an attempt to do the same thing.

The ILE was a large-scale community trial in which the geologic source of lead used in
antiknock compounds in gasoline was manipulated to change the isotopic composition of lead in
the atmosphere (Garibaldi et al., 1975; Facchetti, 1979). The isotopic lead ratios obtained
in the samples analyzed are displayed in Figure 1-17. It can easily be seen that the airborne
particulate lead rapidly changed its isotope ratio in line with expectation. Ratios in the
blood samples appeared to lag somewhat behind. Background blood lead isotopic ratios were
1.1591 ± 0.0043 in rural areas and 1.1627 ± 0.0022 in Turin in 1975. In Turin school children
in 1977-78, blood lead isotopic ratios tended to be somewhat lower than the ratios for Turin
adults.

Preliminary analysis of the isotope ratios in air lead has allowed the estimation of the
fractional contribution of gasoline lead in the city of Turin, in small communities within 25
km of Turin, and in small communities beyond 25 km (Facchetti and Geiss, 1982). At the time
of maximal use of Australian lead isotope in gasoline (1978-79), about 87.3 percent of the air
lead in Turin and 58.7 percent of the1 air lead in the countryside was attributable to gaso-
line. The determination of lead isotope ratios was essentially independent of specific air
lead concentrations. During that time, air lead averaged about 2.0 ug/m3 in Turin (from
0.88-4.54 ug/m3 depending on location of the sampling site), about 0.56 pg/m3 in the nearby
communities (0.30-0.67 ug/m3), and about 0.30 ug/m3 in distant locations.
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TABLE 1-11. PEARSON CORRELATION COEFFICIENTS BETWEEN THE AVERAGE BLOOD LEAD LEVELS
FOR SIX-MONTH PERIODS AND THE TOTAL LEAD USED IN GASOLINE PRODUCTION

PER SIX MONTHS, ACCORDING TO RACE, SEX, AND AGE3

Overall (all races)

A l l

All

By

By

black6

whites

sex: Male

Female

age: 0.5-5 yr

6-17 yr

18-74 yr

Coefficients for
January-June

and July-December

0.920

0.578

0.929

0.944

0.912

0.955

0.908

0.920

6-month Periods
Apri 1 -September ,

and October-March

0.938

0.717

0.955

0.960

0.943

0.969

0.970

0.924

Averages

0.929

0.698

0.942

0.952

0.928

0.962

0.939

0.922

The lead values used to compute the averages were preadjusted by regression analysis to
account for the effects of income, degree of urbanization, region of the country, season,
and, when appropriate, race, sex, and age.
All correlation coefficients were statistically significant (p < 0.001) except those for
blacks (p < 0.05).

GAverages were based on six-month periods, except for the first and last, which covered only
February 1976 through June 1976 and January 1980 through February 1980, respectively.
Averages were based on six-month periods, except for the last, which covered only October
1979 through February 1980.

eBlacks could not be analyzed according to sex and age subgroups because of inadequate sample
sizes.

Source: Annest et al. (1983b).
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Isotope ratios in the blood of 63 subjects also changed, and the fraction of lead in
blood attributable to gasoline could be estimated independently of blood level concentration.
The mean fraction decreased from 21.4 ± 10.4 percent in Turin to 11.4 ±7.3 percent in the
nearby countryside, and to 10.1 ± 9.3 percent in the remote countryside (Facchatti, 1985).

These results can be combined with the actual blood lead concentrations to estimate the
fraction, of the gasoline uptake that is attributable to direct inhalation. The results are
shown in Table 1-12 based upon a concept outlined in Facchetti and Geiss (1982). As concluded
earlier, an assumed value of 8=1.6 is plausible for predicting the amount of lead absorbed
into blood at air lead concentrations less than 2.0 MS/1"3- Tne predicted values for airborne
lead derived from leaded gasoline range from 0.28 to 2.79 ug/dl in blood due to direct inhala-
tion. The total contribution to blood lead from gasoline lead is much larger, from 3.21-4.66
|jg/dl, suggesting that the non-inhalation total contribution of gasoline increases from 1.88
ug/dl in Turin to 2.33 ug/dl in the near region and 2.93 ug/dl in the more distant region.
The non-inhalation sources include ingestion of dust and soil lead and lead in food and drink-
ing water. Efforts are being made to quantify their magnitude. The average direct inhalation
of lead in the air from gasoline is 9-19 percent of the total intake attributable to gasoline
in the countryside and an estimated 60 percent in the city of Turin.

The strongest kind of scientific evidence about causal relationships is based on an ex-
periment in which all possible extraneous factors are controlled. The evidence derived from
the Isotopic Lead Experiment comes very close. The experimental intervention consisted of
replacing the normal 206Pb/207Pb isotope ratio by a very different ratio. There is no plausi-
ble mechanism by which other concurrent lead exposure variables (e.g., food, water, beverages,
paint, industrial emissions) could have also changed their isotope ratios. Hence the very
large changes in isotope ratios in blood were responding to the change in gasoline. There was
no need to carry out detailed aerometric and ecological modeling to track the leaded gasoline
isotopes through the various environmental pathways. In fact, ERA analyses* show that inhala-
tion of community air lead will substantially underestimate the total effect of gasoline lead,
at least in the 35 subjects whose blood leads were tracked in the ILE Preliminary Study. Non-
inhalation sources include ingestion of dust and soil, and lead in food and drinking water.
The higher water lead concentrations in the country and consumption of wine containing lead
may be factors unaccounted for in the analysis. Dietary lead thus may in part explain the
large excess of gasoline lead isotope ratio in blood beyond that expected from inhalation of

Note: The term EPA analyses refers to calculations done at EPA. A brief discussion of the
methods used is contained in Appendix 11-B; more detailed information is available at EPA
upon request.
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TABLE 1-12. ESTIMATED CONTRIBUTION OF LEADED GASOLINE TO BLOOD LEAD
BY INHALATION AND NON-INHALATION PATHWAYS

Location

Turin
<25 km
>25 km

Air lead
fraction
from
gaso-
line

0.873
0.587
0.587

Air
leadb

cone. ,
ug/m3

2.0
0.56
0.30

Lead
fraction
from
gaso-
line0

0.214
0.114
0.101

Mean
blood
leadd

cone. ,
ug/dl

21.77
25.06
31.78

Blood
lead
from
gaso-
line.
ug/dl

4.66
2.86
3.21

Lead
from

gasoline-
in air,
ug/dl

2.79
0.53
0.28

Non-
inhaled

lead from
gaso-
line,9
ug/dl

1.88
2.33
2.93

Estimated
fraction
gas -lead h
Inhalation

0.60
0.19
0.09

Fraction of air lead in Phase 2 attributable to lead in gasoline.
Mean air lead in Phase 2.

cMean fraction of blood lead in Phase 2 attributable to lead in gasoline.
Mean blood lead concentration in Phase 2.
Estimated blood lead from gasoline = (c) x (d)
Estimated blood lead from gas inhalation = p x (a) x (b), p = 1.6.

^Estimated blood lead from gas, non-inhalation = (f)-(e)
Fraction of blood lead uptake from gasoline attributable to direct inhalation = (f)/(e).

Data from Facchetti and Geiss (1982); Facchetti (1985).

ambient air lead; this could occur both from gasoline lead entering the food chain and being
added during food processing and preparation. The subjects in the ILE study cannot be said to
represent some defined population, and it is not clear how the results can be extended to U.S.
populations. Turin's unusual meteorology, high blood lead levels, and the "reversed" urban-
rural gradient of blood lead levels in the subjects in the ILE study indicate the need for
future research. However, in spite of the variable gasoline lead exposures of the subjects,
there is strong evidence that changes in gasoline lead produce large changes in blood lead.

Manton (1977) conducted a long-term study of 10 subjects whose blood lead isotopic com-
position was monitored for comparison with the isotopic composition of the air they breathed.
Manton had observed that the ratio of 206Pb/204Pb in the air varied with seasons in Dallas,
Texas; therefore, the ratio of those isotopes should vary in the blood. By comparing the ob-
served variability, estimates could then be made of the amount of lead in air that is absorbed
by the blood. From the Manton study, it is estimated that between 7 and 41 percent of the
blood lead in study subjects in Dallas results from airborne lead. Additionally, these data
provide a means of estimating the indirect contribution of air lead to blood lead. By one
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estimate, only 10-20 percent of the total airborne contribution to blood lead in Dallas is
from direct inhalation.

Another approach to identifying the determinants of trends in blood lead levels over time
was taken in New York City. Billick et al. (1979) presented several possible explanations for
observed declines in blood lead levels, as well as evidence supporting and refuting each. The
suggested contributing factors were the following: (1) the active educational and screening
program of the New York City Bureau of Lead Poisoning Control; (2) a decrease in the amount of
lead-based paint exposure as a result of rehabilitation or removal of older housing stock, and
(3) changes in total environmental lead exposure. However, information was only partially
available for ambient air lead levels; air lead measurements for the entire study period were
available for only one station, which was located on the west side of Manhattan at a height of
56 m. Superimposition of the air lead and blood lead levels indicated a similarity in both
upward cycle and decline. The authors cautioned against oven'nterpretation by assuming that
one air monitoring site was representative of the air lead exposure of New York City resi-
dents. With this in mind, the investigators fitted a multiple regression model to the data to
try to define the important determinants of blood lead levels for this population. Age, eth-
nic group, and air lead level were all found to be significant determinants of blood lead
levels. The authors further point out the possibility of a change in the nature of the popu-
lation being screened before and after 1973. They reran this regression analysis separately
for years both before and after 1973. The same results were still obtained, although the
exact coefficients derived varied.

Billick et al. (1980) extended their previous analysis of the data from the single moni-
toring site mentioned earlier and examined the possible relationship between blood lead level
and the amount of lead in gasoline used in the New York City area. Figures 1-18 and 1-19 pre-
sent illustrative trend lines in blood leads for blacks and Hispanics and air lead and gaso-
line lead, respectively. Several different measures of gasoline lead were used: (1) mid-
Atlantic Coast (NY, NJ, Conn); (2) New York City plus New Jersey; and (3) New York City plus
Connecticut. The lead in gasoline trend line appears to fit the blood lead trend line better
than the air lead trend, especially in the summer of 1973.

1.11.4 Blood Lead versus Inhaled Air Lead Relationships
The mass of data on the relationship of blood lead level and air lead exposure is compli-

cated by the need for reconciling the results of experimental and observational studies. Fur-
ther, the process of determining the best form of the statistical relationship deduced is pro-
blematic due to the lack of consistency in the range of the air lead exposures encountered in
the various studies.
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The model used is especially critical in situations where lead is present in relatively
low concentrations in one or more environmental media. A large number of statistical models
have been used to predict the contribution to blood lead level from various environmental
media. There is no question that the relationship between blood lead and environmental expo-
sure is nonlinear across the entire range of potential exposures, from very low to high
levels. At lower levels of exposure, however, various models all provide adequate descrip-
tions of the observed data. The choice of a model must be based at least in part on the
biological mechanisms; at the very least, no model should be adopted which is inconsistent
with biological reality.

Because the main purpose of this document is to examine relationships between lead in air
and lead in blood under ambient conditions, ERA has chosen to emphasize the results of studies
most appropriately addressing this issue. A summary of the most appropriate studies appears
in Table 1-13. At air lead exposures of 3 ug/m3 or less, there is no statistically signifi-
cant difference between curvilinear and linear blood lead-inhalation relationships. At air
lead exposures of 10 ug/m3 or more, either nonlinear or linear relationships can be fitted.
Thus, a reasonably consistent picture emerges in which the blood lead-air lead relationship
for direct inhalation is approximately linear in the range of normal ambient exposures (0.1 -
2.0 ug/m3.) Therefore ERA has fitted linear relationships to blood lead levels in the studies
to be described with the explicit understanding that the fitted relationships are intended
only to describe changes in blood due to modest changes in air lead among individuals whose
blood lead levels do not exceed 30 ug/dl.

The blood lead inhalation slope estimates vary appreciably from one subject to another in
experimental and clinical studies, and from one study to another. The weighted slope and stan-
dard error estimates from the Griffin et al. (1975) study (1.75 ± 0.35) were combined with
those calculated similarly for the Rabinowitz et al. (1973, 1976, 1977) study (2.14 ± 0.47)
and the Kehoe (1961a,b,c) study (1.25 ± 0.35, seating DH = 0), yielding a pooled weighted
slope estimate of 1.64 ± 0.22 ug/dl per ug/m3. There are some advantages in using these
experimental studies on adult males, but certain deficiencies are acknowledged. The Kehoe
study exposed subjects to a wide range of lead levels while in the exposure chamber, but did
not control air lead exposures outside the chamber. The Griffin study provided reasonable
control of air lead exposure during the experiment, but difficulties in defining the non-
inhalation baseline for blood lead (especially in the important experiment at 3 ug/m3) add
much uncertainty to the estimate. The Rabinowitz study controlled well for diet and other
factors and, since stable lead isotope tracers were used, there was no baseline problem.
However, the actual air lead exposure of these subjects outside the metabolic ward was not
well determined.
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TABLE 1-13. SUMMARY OF BLOOD INHALATION SLOPES (p)
(ug/dl per ug/m3)

Population

Children

Adult
Male

Study

Angle and Mclntire
(1979) Omaha, NE

Reels et al. (1980)
Belgium

Yankel et al. (1977);
Walter et al. (1980)
Idaho

Azar et al. (1975).
Five groups

Griffin et al .
(1975) NY
prisoners

Gross
(1979)

Rabinowitz et al.
(1973, 1976, 1977)

Study
type

Population

Population

Population

Population

Experiment

Experiment

Experiment

N

1074

148

879

149

43

6

5

Slope

1.92

2.46

1.52

1.32

1.75

1.25

2.14

Model sensitivity3

of slope

(1.40-4.40)b>C'd

(1.55-2.46)b>C

(1.07-1.52)b'C>d

(1.08-1.59)C'd

(1.52-3.38)e

(1.25-1.55)C

(2.14-3.51)f

aSelected from among the most plausible statistically equivalent models. For nonlinear
models, slope at 1.0 ug/m3.
Sensitive to choice of other correlated predictors such as dust and soil lead.

cSensitive to linear versus nonlinear at low air lead.
Sensitive to age as a covariate.

eSensitive to baseline changes in controls.
Sensitive to assumed air lead exposure.
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Among population studies, only the Azar study provides a slope estimate in which indivi-
dual air lead exposures are known. However, there was no control of dietary lead intake or
other factors that affect blood lead levels, and slope estimates assuming only air lead and
location as covariables (1.32 ± 0.38) are not significantly different from the pooled experi-
mental studies.

There are no experimental inhalation studies on adult females or on children. The inha-
lation slope for women should be roughly the same as that for men, assuming proportionally
smaller air intake and blood volume. The assumption of proportional size is less plausible
for children. Slope estimates for children from population studies are used in which some
other important covariates of lead absorption were controlled or measured, e.g., age, sex,
dust exposure in the environment or on the hands. Inhalation slopes were estimated for the
studies of Angle and Mclntire (1979) [1.92 ± 0.60], Roels et al. (1980) [2.46 ± 0.58], and
Yankel et al. (1977) [1.53 ± 0.064)]. The standard error of the Yankel study is extremely low
and a weighted pooled slope estimate for children would reflect essentially that study alone;
in this case the small standard error estimate is attributable to the very large range of air
lead exposures of children in the Silver Valley (up to 22 ug/m3). The relationship is in fact
not linear, but increases more rapidly in the upper range of air lead exposures, and the slope
estimate at lower air lead concentrations may not wholly reflect uncertainty about the shape
of the curve at higher concentrations. The median slope of the three studies is 1.92 ug/dl
per ug/m3.

Chapter 11 evaluates the effects of atmospheric lead on blood lead in a disaggregate
manner broken down according to exposure media, including direct inhalation of atmospheric
lead, ingestion of particulate lead that has fallen out as dust and surface soil, and air lead
ingested in consuming food and beverages (including lead absorbed from soil and added during
processing and preparation). Disaggregate analyses based on various pathways for environmen-
tal lead of the type presented appear to provide a sensitive tool for predicting blood lead
burdens under changes of environmental exposure. However, some authors, e.g., Brunekreef
(1984) make a strong argument for the use of air lead as the single exposure criterion. Their
argument is that exposure to air lead is usually of sufficient duration that the contributions
along other pathways have stabilized and are proportional to the air lead concentration. In
that case, the ratio between blood lead and air lead plus dust, food, and other proportional
increments must be much larger than for air lead by direct inhalation alone.

The range of B values that Brunekreef (1984) reports is very large, and typical values of
3-5 are larger than those adjusted slopes (1.52-2.46) derived by EPA in preceding sections.
If the aggregate approach is accepted, then the blood lead versus total (both direct and in-
direct) air lead slope for children may be approximately double the slope (-2.0) estimated for
the direct contribution due to inhaled air lead alone.
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The following statements summarize the situation briefly: (1) The experimental studies
at lower air lead levels (3.2 ug/m3 or less) and lower blood levels (typically 30 ug/dl or
less) have linear blood lead inhalation relationships with slopes p. of 0-3.6 for most sub-
jects. A typical value of 1.54 ± 0.22 may be assumed for'adults; (2) Population cross-
sectional studies at lower air lead and blood lead levels are approximately linear with slopes
p of 0.8-2.0; (3) Cross-sectional studies in occupational exposure situations in which air
lead levels are higher (much above 10 ug/m3) and blood lead levels are higher (above 40 ug/dl)
show a much more shallow linear blood lead inhalation relation. The slope p is in the range
of 0.03-0.2; (4) Cross-sectional and experimental studies at levels of air lead somewhat above
the higher ambient exposures (9-36 ug/m3) and blood leads of 30-40 ug/dl can be described
either by a nonlinear relationship with decreasing slope or by a linear relationship with
intermediate slope, approximately p = 0.5. Several biological mechanisms for these differ-
ences have been discussed (Hammond et a!., 1981; O'Flaherty et al., 1982; Chamberlain, 1983;
Chamberlain and Heard, 1981). Since no explanation for the decrease in steepness of the blood
lead inhalation response to higher air lead levels has been generally accepted at this time,
there is little basis on which to select a formula for interpolating from low air lead to high
air lead exposures. The increased steepness of the inhalation curve for the Kellogg/Silver
Valley study is inconsistent with the other studies presented. It may be that smelter situa-
tions are unique and must be analyzed differently, or it may be that the curvatuve is the
result of imprecise exposure estimates; (5) The blood-lead inhalation slope for children is at
least as steep as that for adults, with a median estimate of 1.92 from three major studies.
These slope estimates are based on the assumption that an equilibrium level of blood lead is
achieved within a few months after exposure begins. This is only approximately true, since
lead stored in the skeleton may return to blood after some years. Chamberlain et al. (1978)
suggest that long-term inhalation slopes should be about 30 percent larger than these esti-
mates. Inhalation slopes quoted here are associated with a half-life of blood lead in adults
of about 30 days. O'Flaherty et al. (1982) suggest that the blood lead half-life may increase
slightly with duration of exposure, but this has not been confirmed (Kang et al., 1983).
(6) Slopes which include both direct (inhalation) and indirect (via soil, dust, etc.) air lead
contributions are necessarily higher than those estimates for inhaled air lead alone. Studies
using aggregate analyses (direct and indirect air impacts) typically yield slope values in the
range of 3-5, about double the slope due to inhaled air lead alone. [Other studies, reviews,
and analyses of the study are discussed in Section 11.4, to which the reader is referred for a
detailed discussion and for a review of the key studies and their analyses.]

It must not be assumed that the direct inhalation of air lead is the only air lead con-
tribution that needs to be considered. Smelter studies allow partial assessment of the air
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lead contributions to soil, dust, and finger lead. Useful ecological models to study the pos-
sible propagation of lead through the food chain have not yet been developed. The direct in-
halation relationship does provide useful information on changes in blood lead as responses to
changes in air lead on a time scale of several months. The indirect pathways through dust,
soil, and the food chain may thus delay the total blood lead response to changes in air lead,
perhaps by one or more years.

1.11.5 Studies Relating Dietary Lead Exposures (Including Water) to Blood Lead
Dietary absorption of lead varies greatly from one person to another and depends on the

physical and chemical form of the carrier, on nutritional status, and on whether lead is in-
gested with food or between meals. These distinctions are particularly important for consump-
tion of leaded paint, dust, and soil by children. Typical values of 10 percent absorption of
ingested lead into blood have been assumed for adults and 25-50 percent for children.

It is difficult to obtain accurate dose-response relationships between blood lead levels
and lead levels in food or water. Dietary intake must be estimated by duplicate diets or
fecal lead determinations. Water lead levels can be determined with some accuracy, but the
varying amounts of water consumed by different individuals adds to the uncertainty of the
estimated relationships.

Quantitative analyses relating blood lead levels and dietary lead exposures have been re-
ported and studies on infants provide estimates that are in close agreement. While only one
individual study has been done on adults, another estimate from a number of pooled studies is
also available; these two estimates are in good agreement. Most of the subjects in the
Sherlock et al. (1982) and United Kingdom Central Directorate on Environmental Pollution
(1982) studies received quite high lead levels in their diets (>300 ug/day). Although the
fitted cube root equations give high slopes at lower dietary lead levels, the linear slope of
the United Kingdom Central Directorate on Environmental Pollution (1982) study is probably an
underestimate of the slope at lower dietary lead levels. Most of the dietary intake supple-
ments used in these two studies were so high that many of the subjects had blood lead concen-
trations much in excess of 30 ug/dl for a considerable part of the experiment. Blood lead
levels thus may not completely reflect lead exposure, due to the previously noted nonlinearity
of blood lead response at high exposures. For these reasons, the Ryu et al. (1983) study is
the most believable, although it only applies to infants and also probably underestimates to
some extent the value of the slope.

The slope estimates for adult dietary lead intake are an approximately 0.02 ug/dl in-
crease in blood lead per ug/day intake, but consideration of blood lead kinetics may increase
this value to about 0.04 ug/dl per ug/day intake. Such values are somewhat lower (about 0.05
ug/dl per ug/day) than those estimated from population studies extrapolated to typical dietary
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intakes; the value estimated for infants is much larger (0.16). Estimates for adults should
be taken from the experimental studies or calculated from assumed absorption and half-life
values.

The relationship between blood lead and water lead is not clearly defined and is often
described as nonlinear. Water lead intake varies greatly from one person to another. It has
been assumed that children can absorb 25-50 percent of lead in water. Many authors chose to
fit cube root models to their data, although polynomial and logarithmic models were also used.
Unfortunately, the form of the model greatly influences the estimated contributions to blood
lead levels from relatively low water lead concentrations.

Although there is close agreement in quantitative analyses of relationships between blood
lead levels and dietary lead concentrations, there is a larger degree of variability in
results of the various water lead studies. The relationship is curvilinear but its exact form
is yet to be determined. At typical water lead levels for U.S. populations, the relationship
appears to be linear. The only study that determines the relationship based on lower water
lead values (<100 ug/1) is the Pocock et al. (1983) study. The data from this study, as well
as the authors themselves, suggest that the relationship is linear for this lower range of
water lead levels. Furthermore, the estimated contributions to blood lead levels from this
study are quite consistent with the polynomial models from other studies. For these reasons,
the Pocock et al. (1983) slope of 0.06 is considered to represent the best estimate. The
possibility still exists, however, that the higher estimates of the other studies may be cor-
rect in certain situations, especially at higher water lead levels (>100 ug/1).

1.11.6 Studies Relating Lead in Soil and Dust to Blood Lead
The relationship of exposure to lead contained in soil and house dust and the amount of

lead absorbed by humans, particularly children, has been the subject of a number of scientific
investigations. Some of these studies have been concerned with the effects of exposures re-
sulting from the ingestion of lead in dust (Duggan and Williams, 1977; Barltrop, 1975; Creason
et al. , 1975); others have concentrated on the means by which the lead in soil and dust
becomes available to the body (Sayre et al., 1974). Sayre et al. (1974) demonstrated the
feasibility of house dust as a source of lead for children in Rochester, NY. Two groups of
houses, one inner city and the other suburban, were chosen for the study. Lead-free sanitary
paper towels were used to collect dust samples from house surfaces and the hands of children
(Vostal et al. , 1974). The medians for the hand and household samples were used as the cut-
points in the chi-square contingency analysis. A statistically significant difference between
the urban and suburban homes for dust levels was noted, as was a relationship between house-
hold dust levels and hand dust levels (Lepow et al., 1975).
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Studies relating soil lead to blood lead levels are difficult to compare. The relation-
ship obviously depends on depth of soil lead, age of the children, sampling method, cleanli-
ness of the home, mouthing activities of the children, and possibly many other factors. Vari-
ous soil sampling methods and sampling depths have been used over time; as such they may not
be directly comparable and may produce a dilution effect of the major lead concentration con-
tribution from dust, which is located primarily in the top 2 cm of the soil.

Increases in soil lead significantly increase blood lead in children. From several
studies, ERA estimates an increase of 0.6-6.8 ug/dl in blood lead for each increase of 1000
ug/g in soil lead concentration. This range is similar to the range of 1.0 to 10.0 reported
by Duggan (1980, 1983). Two studies providing good data for slope estimates are the Stark et
al. (1982) study and the Angle and Mclntire (1982) study. These two studies gave slope esti-
mates of 2.2 and 6.8 ug/dl per 1000 M9/9. respectively.

The relationship of house dust lead to blood lead is even more difficult to obtain.
Three studies have data permitting such calculations. The median value of 1.8 ug/dl per 1000
ug/g for children 2-3 years old in the Stark study may also represent a reasonable value for
use here.

1.11.7 Additional Exposures
A major source of environmental lead exposure for many members of the general population

comes from lead contained in both interior and exterior paint on dwellings. The amount of
lead present, as well as its accessibility, depends upon the age of the residence (because
older buildings contain paint manufactured before lead content was regulated) and the physical
condition of the paint. In a survey of lead levels in 2370 randomly selected dwellings in
Pittsburgh, PA (Shier and Hall, 1977), paints with high levels of lead were most frequently
found in pre-1940 residences. One cannot assume, however, that high-level leaded paint is ab-
sent in dwellings built after 1940. In the case of the houses surveyed in Pittsburgh, about
20 percent of the residences built after 1960 have at least one surface with more than 1.5
mg/cm2 lead. In fiscal year 1981, the U.S. Centers for Disease Control (1982) screened
535,730 children and found 21,897 with lead toxicity. Of these cases, 15,472 dwellings were
inspected and 10,666 (approximately 67 percent) were found to have leaded paint.

A number of specific environmental sources of airborne lead have been identified as
having a direct influence on blood lead levels. Primary lead smelters, secondary lead smel-
ters, and battery plants emit lead directly into the air and ultimately increase soil and dust
lead concentrations in the'ir vicinity. Adults, and especially children, have been shown to
exhibit elevated blood lead levels when living close to these sources. Blood lead levels in
these residents have been shown to be related to air, as well as to soil or dust exposures.
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The habit of cigarette smoking is a source of lead exposure. Other sources include the fol-
lowing: lead based cosmetics, lead-based folk remedies, and glazed pottery.

1.12 BIOLOGICAL EFFECTS OF LEAD EXPOSURE
1.12.1 Introduction

Lead has diverse biological effects in humans and animals. Its effects are seen at the
subcellular level of organellar structures and processes as well as at the overall level of
general functioning that encompasses all systems of the body operating in a coordinated, in-
terdependent fashion.

This review not only seeks to categorize and describe the various biological effects of
lead, but also attempts to identify the exposure levels at which such effects occur and the
mechanisms underlying them. The dose-response curve for the entire range of biological ef-
fects exerted by lead is rather broad, with certain biochemical changes occurring at rela-
tively low levels of exposure and perturbations in other systems, such as the liver, becoming
detectable only at relatively high exposure levels. In terms of relative vulnerability to
deleterious effects of lead, the developing organism generally appears to be more sensitive
than the mature individual.

It should be noted that lead has no known beneficial biological effects. Available evi-
dence does not demonstrate that lead is an essential element.

1.12.2 Subcellular Effects of Lead
The biological basis of lead toxicity is its ability to bind to ligating groups in bio-

molecular substances crucial to various physiological functions, thereby interfering with
these functions by, for example, competing with native essential metals for binding sites,
inhibiting enzyme activity, or inhibiting or otherwise altering essential ion transport. These
effects are modulated by: 1) the inherent stability of such binding sites for lead; 2) the
compartmentalization kinetics governing lead distribution among body compartments, among
tissues, and within cells; and 3) the differences in biochemical organization across cells and
tissues due to their specific functions. Given the complexities introduced by items 2 and 3,
it is not surprising that no single unifying mechanism of lead toxicity across all tissues in
humans and experimental animals has yet been demonstrated.

Insofar as the effects of lead oji the activity of various enzymes are concerned, many of
the available studies examined the j_n vitro behavior of relatively pure enzymes and have only
marginal relevance to various effects HI vivo. On the other hand, certain enzymes are basic
to the effects of lead at the organ or organ system level, and discussion is best reserved for
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such effects in the summary sections below which deal with lead's effects on particular organ
systems. This section is mainly concerned with organellar effects of lead, especially those
which provide some rationale for lead toxicity at higher levels of biological organization.
Particular emphasis is placed on the mitochondrion, because this organelle is not only.affec-
ted by lead in numerous ways but has also provided the most data bearing on the subcellular
effects of lead.

The critical target organelle for lead toxicity in a variety of cell and tissue types
clearly is the mitochondrion, followed probably by cellular and intracellular membranes. The
mitochondrial effects take the form of structural changes and marked disturbances in mitochon-
drial function within the cell, particularly in energy metabolism and ion transport. These
effects in turn are associated with demonstrable accumulation of lead in mitochondria, both it)
vivo and i_n vitro. Structural changes include mitochondrial swelling in a variety of cell
types, as well as distortion and loss of cristae, which occur at relatively moderate lead
levels. Similar changes have also been documented in lead workers across a range of expo-
sures.

Uncoupled energy metabolism, inhibited cellular respiration using both succinate and
nicotinamide adenine dinucleotide (NAD)-linked substrates, and altered kinetics of intracellu-
lar calcium have been demonstrated in vivo using mitochondria of both brain and non-neural
tissues. In some cases, the lead exposure level associated with such changes has been rela-
tively low. Several studies document the relatively greater sensitivity of this organelle in
young versus adult animals in terms of mitochondria! respiration. The cerebellum appears to
be particularly sensitive, providing a connection between mitochondrial impairment and lead
encephalopathy. Lead's impairment of mitochondrial function in the developing brain has also
been consistently associated with delayed brain development, as indexed by content of various
cytochromes. In the rat pup, ongoing lead exposure from birth is required for this effect to
be expressed, indicating that such exposure must occur before, and is inhibitory to, the burst
of oxidative metabolic activity that occurs in the young rat at 10-21 days postnatally.

In vivo lead exposure of adult rats also markedly inhibits calcium turnover in a cellular
compartment of the cerebral cortex that appears to be the mitochondrion. This effect has been
seen at a brain lead level of 0.4 M9/9- These results are consistent with a separate study
showing increased retention of calcium in the brain of lead-dosed guinea pigs. Numerous re-
ports have described the in vivo accumulation of lead in mitochondria of kidney, liver,
spleen, and brain tissue, with one study showing that such uptake was slightly more than that
which occurred in the cell nucleus. These data are not only consistent with deleterious
effects of lead on mitochondria, but are also supported by other investigations in vitro.
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Significant decreases in mitochondria! respiration ij vitro using both NAD-1 inked and succi-
nate substrates have been observed for brain and non-neural tissue mitochondria in the pre-
sence of lead at micromolar levels. There appears to be substrate specificity in the inhibi-
tion of respiration across different tissues, which may be a factor in differential organ
toxicity. Also, a number of enzymes involved in intermediary metabolism in isolated mitochon-
dria have been observed to undergo significant inhibition of activity with lead.

Of particular interest regarding lead's effects on isolated mitochondria are ion trans-
port effects, especially in regard to calcium. Lead movement into brain and other tissue
mitochondria involves active transport, as does calcium. Recent sophisticated kinetic
analyses of desaturation curves for radiolabeled lead or calcium indicate that there is
striking overlap in the cellular metabolism of calcium and lead. These studies not only
establish the basis for the easy entry of lead into cells and cell compartments, but also pro-
vide a basis for lead's impairment of intracellular ion transport, particularly in neural cell
mitochondria, where the capacity for calcium transport is 20-fold higher than even in heart
mitochondria.

Lead is also selectively taken up in isolated mitochondria _in vitro, including the mito-
chondria of synaptosomes and brain capillaries. Given the diverse and extensive evidence of
lead's impairment of mitochondria! structure and function as viewed from a subcellular level,
it is not surprising that these derangements are logically held to be the basis of dysfunction
of heme biosynthesis, erythropoiesis, and the central nervous system. Several key enzymes in
the heme biosynthetic pathway are intramitochondrial, particularly ferrochelatase. Hence, it
is to be expected that entry of lead into mitochondria will impair overall heme biosynthesis,
and, in fact, this appears to be the case in the developing cerebellum. Furthermore, rela-
tively moderate levels of lead may be associated with its entry into mitochondria and conse-
quent expressions of mitochondrial injury.

Lead exposure provokes a typical cellular reaction in humans and other species that has
been morphologically characterized as a lead-containing nuclear inclusion body. While it has
been postulated that such inclusions constitute a cellular protection mechanism, such a
mechanism is an imperfect one. Other organelles, e.g., the mitochondrion, also take up lead
and sustain injury in the presence of nuclear inclusion formations.

In theory, the cell membrane is the first organelle to encounter lead and it is not
surprising that cellular effects of lead can be ascribed to interactions at cellular and
intracellular membranes in the form of disturbed ion transport. The inhibition of membrane
(Na ,K ")'ATPase of erythrocytes as a factor in lead-impaired erythropoiesis is noted in
Section 1.12.3. Lead also appears to interfere with the normal processes of calcium transport
across membranes of different tissues. In peripheral cholinergic synaptosomes, lead is
associated with retarded release of acetylcholine owing to a blockade of calcium binding to
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the membrane, while calcium accumulation within nerve endings can be ascribed to inhibition of
membrane (Na ,K )-ATPase.

Lysosomes accumulate in renal proximal convoluted tubule cells of rats and rabbits given
lead over a range of dosing. This also appears to occur in the kidneys of lead workers and
seems to represent a disturbance in normal lysosomal function, with the accumulation of lyso-
somes being due to enhanced degradation of proteins because of the effects of lead elsewhere
within the eel 1.

1.12.3 Effects of Lead on Heme Biosynthesis. Erythropoiesis, and Erythrocyte Physiology in
Humans and Animals

The effects of lead on heme biosynthesis are well known because of their clinical promi-
nence and the numerous studies of such effects in humans and experimental animals. The
process of heme biosynthesis starts with glycine and succinyl-coenzyme A, proceeds through
formation of protoporphyrin IX, and culminates with the insertion of divalent iron into the
porphyrin ring to form heme. In addition to being a constituent of hemoglobin, heme is the
prosthetic group of many tissue hemoproteins having variable functions, such as myoglobin, the
P-450 component of the mixed-function oxygenase system, and the cytochromes of cellular
energetics. Hence, disturbance of heme biosynthesis by lead poses the potential for multiple-
organ toxicity.

In investigations of lead's effects on the heme synthesis pathway (Figure 1-20), most
attention has been devoted to the following: (1) stimulation of mitochondria! delta-amino-
levulinic acid synthetase (ALA-S), which mediates formation of delta-aminolevulinic acid
(ALA); (2) direct inhibition of the cytosolic enzyme, delta-aminolevulinic acid dehydrase
(ALA-0), which catalyzes formation of porphobilinogen from two units of ALA; and (3) inhibi-
tion of insertion of iron (II) into protoporphyrin IX to form heme, a process mediated by
ferrochelatase.

Increased ALA-S activity has been found in lead workers as well as in lead-exposed ani-
mals, although an actual decrease in enzyme activity has also been observed in several experi-
mental studies using different exposure methods. It appears, then, that the effect on ALA-S
activity may depend on the nature of the exposure. Using rat liver cells in culture, ALA-5
activity was stimulated in vitro at levels as low as 5.0 uM or 1.0 ug Pb/g preparation. The
increased activity was due to biosynthesis of more enzyme. The blood lead threshold for sti-
mulation of ALA-S activity in humans, based on a study using leukocytes from lead workers,
appears to be about 40 ug/dl. Whether this apparent threshold applies to other tissues
depends on how well the sensitivity of leukocyte mitochondria mirrors that in other systems.
The relative impact of ALA-S activity stimulation on ALA accumulation at lower lead exposure
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Figure 1-20. Effect! of IMd (Pb) on heme biosynthesis.

levels appears to be much less than the effect of ALA-0 activity inhibition. ALA-D activity
is significantly depressed at 40 ug/dl blood lead, the point at which ALA-S activity only
begins to be affected.

Erythrocyte ALA-D activity is very sensitive to inhibition by lead. This inhibition is
reversed by reactivation of the sulfhydryl group with agents such as dithiothreitol, zinc, or
zinc and glutathione. Zinc levels that achieve reactivation, however, are well above physio-
logical levels. Although zinc appears to offset the inhibitory effects of lead observed in
animal studies and in human erythrocytes j_n vitro, lead workers exposed to both zinc and lead
do not show significant changes in the relationship of ALA-D activity to blood lead when com-
pared with workers exposed just to lead. Nor does the range of physiological zinc levels in
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nonexposed subjects affect ALA-D activity. In contrast, zinc deficiency in animals signifi-
cantly inhibits ALA-D activity, with concomitant accumulation of ALA in urine. Because zinc
deficiency has also been demonstrated to increase lead absorption, the possibility exists for
the following dual effects of such deficiency on ALA-D activity: (1) a direct effect on acti-
vity due to reduced zinc availability; and (2) increased lead absorption leading to further
inhibition of activity.

Erythrocyte ALA-D activity appears to be inhibited at virtually all blood lead levels
measured so far, and any threshold for this effect in either adults or children remains to be
determined. A further measure of this enzyme's sensitivity to lead is a report that rat bone
marrow suspensions show inhibition of ALA-D activity by lead at a level of 0.1 ug/g suspen-
sion. Inhibition of ALA-D activity in erythrocytes apparently reflects a similar effect in
other tissues. Hepatic ALA-D activity in lead workers was inversely correlated with erythro-
cyte activity as well as blood lead levels. Of significance are experimental animal data
showing that (1) brain ALA-D activity is inhibited with lead exposure, and (2) this inhibition
appears to occur to a greater extent in developing animals than in adults, presumably reflec-
ting greater retention of lead in developing animals. In the avian brain, cerebellar ALA-D
activity is affected to a greater extent than that of the cerebrum and, relative to lead con-
centration, shows inhibition approaching that occurring in erythrocytes.

Inhibition of ALA-D activity by lead is reflected by elevated levels of its substrate,
ALA, in blood, urine, and soft tissues. Urinary ALA is employed extensively as an indicator
of excessive lead exposure in lead workers. The diagnostic value of this measurement in pedi-
atric screening, however, is limited when only spot urine collection is done; more satisfac-
tory data are obtainable with 24-hr collections. Numerous independent studies document a
direct correlation between blood lead and the logarithm of urinary ALA in human adults and
children; the blood lead threshold for increases in urinary ALA is commonly accepted as 40
ug/dl. However, several studies of lead workers indicate that the correlation between urinary
ALA and blood lead continues below this value; one study found that the slope of the dose-
effect curve in lead workers depends on the level of exposure.

The health significance of lead-inhibited ALA-D activity and accumulation of ALA at lower
lead exposure levels is controversial. The "reserve capacity" of ALA-D activity is such that
only the level of inhibition associated with marked accumulation of the enzyme's substrate,
ALA, in accessible indicator media may be significant. However, it is not possible to quan-
tify at lower levels of lead exposure the relationship of urinary ALA to target tissue levels
nor to relate the potential neurotoxicity of ALA at any accumulation level to levels in indi-
cator media. Thus, the blood lead threshold for neurotoxicity of ALA may be different from
that associated with increased urinary excretion of ALA.
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Accumulation of protoporphyrin in erythrocytes of lead-intoxicated individuals has been
recognized since the 1930s, but it has only recently been possible to quantitatively assess
the nature of this effect via development of sensitive, specific microanalysis methods. Accu-
mulation of protoporphyrin IX in erythrocytes results from impaired placement of iron (II) in
the porphyrin moiety in heme formation, an intramitochondrial process mediated by ferrochela-
tase. In lead exposure, the porphyrin acquires a zinc ion in lieu of native iron, thus form-
ing zinc protoporphyrin (ZPP), which is tightly bound in available heme pockets for the life
of the erythrocytes. This tight sequestration contrasts with the relatively mobile nonnietal,
or free, erythrocyte protoporphyrin (FEP) accumulated in the congenital disorder erythro-
poietic protoporphyria.

Elevation of erythrocyte ZPP has been extensively documented as exponentially correlated
with blood lead in children and adult lead workers and is presently considered one of the best
indicators of undue lead exposure. Accumulation of ZPP only occurs in erythrocytes formed
during lead's presence in erythroid tissue; this results in a lag of at least several weeks
before its buildup can be measured. The level of ZPP accumulation in erythrocytes of newly
employed lead workers continues to increase after blood lead has already reached a plateau.
This influences the relative correlation of ZPP and blood lead in workers with short exposure
histories. Also, the ZPP level in blood declines much more slowly than blood lead, even after
removal from exposure or after a drop in blood lead. Hence, ZPP level appears to be a more
reliable indicator of continuing intoxication from lead resorbed from bone.

The threshold for detection of lead-induced ZPP accumulation is affected by the relative
spread of blood lead and corresponding ZPP values measured. In young children (<4 yr old),
the ZPP elevation associated with iron-deficiency anemia must also be considered. In adults,
numerous studies indicate that the blood lead threshold for ZPP elevation is about 25-30
ug/dl. In children 10-15 years old, the threshold is about 16 ug/dl; for this age group, iron
deficiency is not a factor. In one study, children over 4 years old showed the same thresh-
old, 15.5 ug/dl, as a second group under 4 years old, indicating that iron deficiency was not
a factor in the study. At 25 ug/dl blood lead, 50 percent of the children had significantly
elevated FEP levels (2 standard deviations above the reference mean FEP).

At blood lead levels below 30-40 ug/dl, any assessment of the EP-blood lead relationship
is strongly influenced by the relative analytical proficiency of measurements of both blood
lead and EP. The types of statistical analyses used are also important. In a recent detailed
statistical study involving 2004 children, 1852 of whom had blood lead values below 30 ug/dl,
segmental"line and probit analysis techniques were employed to assess the dose-effect thres-
hold and dose-response relationship. An average blood lead threshold for the effect using
both statistical techniques was 16.5 ug/dl for the full group and for those subjects with
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blood lead below 30 ug/dl; the effect of iron deficiency was tested for and removed. Of par-
ticular interest was the finding that blood lead values of 28.6 and 35.7 ug/dl corresponded to
EP elevations of more than 1 or 2 standard deviations, respectively, above the reference mean
in 50 percent of the children. Hence, fully half of the children had significant elevations
of EP at blood lead levels around 30 ug/dl, which was the previously accepted cut-off value
(now 25 ug/dl) for undue lead exposure specified by the Centers for Disease Control. From
various reports, children and adult females appear to be more sensitive to lead's effects on
EP accumulation at any given blood lead level; children are somewhat more sensitive than adult
females.

Lead's effects on heme formation are not restricted to the erythropoietic system. Recent
studies show that the reduction of serum 1,25-dihydroxyvitamin D seen with even low-level lead
exposure is apparently the result of lead-induced inhibition of the activity of renal
1-hydroxylase, a cytochrome P-450-mediated enzyme. Reduction in activity of the hepatic
enzyme tryptophan pyrrolase and concomitant increases in plasma tryptophan as well as brain
tryptophan, serotonin, and hydroxyindoleacetic acid have been shown to be associated with
lead-induced reduction of the hepatic heme pool. The heme-containing protein cytochrome P-450
(an integral part of the hepatic mixed-function oxygenase system) is affected in humans and
animals by lead exposure, especially acute intoxication. Reduced P-450 content correlates
with impaired activity of detoxifying enzyme systems such as aniline hydroxylase and aminopy-
rine demethylase. It is also responsible for reduced 6f3-hydroxylation of cortisol in children
having moderate lead exposure.

Studies of organotypic chick and mouse dorsal root ganglion in culture show that the ner-
vous system has heme biosynthetic capability and that not only is such capability reduced in
the presence of lead, but production of porphyrinic material is increased. In the neonatal
rat, chronic lead exposure resulting in moderately elevated blood lead is associated with
retarded increases in the hemoprotein cytochrome C and with disturbed electron transport in
the developing cerebral cortex. These data parallel effects of lead on ALA-D activity and ALA
accumulation in neural tissue. When both of these effects are viewed in the toxicokinetic
context of increased retention of lead in both developing animals and children, there is an
obvious and serious potential for impaired heme-based metabolic function in the nervous system
of lead-exposed children.

As can be concluded from the above discussion, the health significance of ZPP accumula-
tion rests with the fact that it is evidence of impaired heme and hemoprotein formation in
many tissues that arises from entry of lead into mitochondria. Such evidence for reduced heme
synthesis is consistent with a great deal of data documenting lead-associated effects on
mitochondria. The relative value of the lead-ZPP relationship in erythropoietic tissue as an
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index of this effect in other tissues hinges on the relative sensitivity of the erythropoietic
system compared with other organ systems. One study of rats exposed over their lifetime to
low levels of lead demonstrated that protoporphyrin accumulation in renal tissue was already
significant at levels of lead exposure which produced little change in erythrocyte porphyrin
levels.

Other steps in the heme biosynthesis pathway are also known to be affected by lead, al-
though these have not been as well studied on a biochemical or molecular level. Coproporphy-
rin levels are increased in urine, reflecting active lead intoxication. Lead also affects the
activity of the enzyme uroporphyrinogen-I-synthetase in experimental animal systems, resulting
in an accumulation of its substrate, porphobilinogen. The erythrocyte enzyme has been report-
ed to be much more sensitive to lead than the hepatic species, presumably accounting for much
of the accumulated substrate. Unlike the case with experimental animals, lead-exposed humans
show no rise in urinary porphobilinogen, which is a differentiating characteristic of lead
intoxication versus the hepatic porphyrias. Ferrochelatase is an intramitochondrial enzyme,
and impairment of its activity either directly by lead or via impairment of iron transport to
the enzyme is evidence of the presence of lead in mitochondria.

Anemia is a manifestation of chronic lead intoxication and is characterized as mildly
hypochromic and usually normocytic. It is associated with reticulocytosis, owing to shortened
cell survival, and the variable presence of basophilic stippling. Its occurrence is due to
both decreased production and increased rate of destruction of erythrocytes. In young chil-
dren (<4 yr old), iron deficiency anemia is exacerbated by lead uptake, and vice versa. Hemo-
globin production is negatively correlated with blood lead in young children, in whom iron
deficiency may be a confounding factor, as well as in lead workers. In one study, blood lead
values that were usually below 80 ug/dl were inversely correlated with hemoglobin content. In
these subjects no iron deficiency was found. The blood lead threshold for reduced hemoglobin
content is about 50 ug/dl in adults and somewhat lower (-40 ug/dl) in children.

The mechanism of lead-associated anemia appears to be a combination of reduced hemoglobin
production and shortened erythrocyte survival due to direct cell injury. Lead's effects on
hemoglobin production involve disturbances of both heme and globin biosynthesis. The hemoly-
tic component to lead-induced anemia appears to be caused by increased cell fragility and in-
creased osmotic resistance. In one study using rats, the hemolysis associated with vitamin E
deficiency, via reduced cell deformability, was exacerbated by lead exposure. The molecular
basis for increased cell destruction rests with inhibition of (Na , K )-ATPase and pyrimi-
dine-5'-nucleotidase. Inhibition of t'he former enzyme leads to cell "shrinkage" and inhibi-
tion of the latter results in impaired pyrimidine nucleotide phosphorolysis and disturbance of
the activity of the purine nucleotides necessary for cellular energetics.

1-113



In lead intoxication, the presence of both basophilic stippling and anemia with a hemo-
lytic component is due to inhibition by lead of the activity of pyrimidine-5'-nucleotidase
(Py-5-N), an enzyme that mediates the dephosphorylation of pyrimidine nucleotides in the
maturing erythrocyte. Inhibition of this enzyme by lead has been documented in lead workers,
lead-exposed children, and experimental animal models. In one study of lead-exposed children,
there was a negative correlation between blood lead and enzyme activity, with no clear re-
sponse threshold. A related report noted that, in addition, there was a positive correlation
between cytidine phosphate and blood lead and an inverse correlation between pyrimidine
nucleotide and enzyme activity.

The metabolic significance of Py-5-N inhibition and cell nucleotide accumulation is that
they affect erythrocyte stability and survival as well as potentially affect mRNA and protein
synthesis related to globin chain synthesis. Based on one study of children, the threshold
for the inhibition of Py-5-N activity appears to be about 10 (jg/dl blood lead. Lead's inhi-
bition of Py-5-N activity and a threshold for such inhibition are not by themselves the issue.
Rather, the issue is the relationship of such inhibition to a significant level of impaired
pyrimidine nucleotide metabolism and the consequences for erythrocyte stability and function.
The relationship of Py-5-N activity inhibition by lead to accumulation of its pyrimidine
nucleotide substrate is analogous to lead's inhibition of ALA-D activity and accumulation of
ALA.

Tetraethyl lead and tetramethyl lead, components of leaded gasoline, undergo transforma-
tion i_n vivo to neurotoxic trialkyl metabolites as well as further conversion to inorganic
lead. Hence, one might anticipate that exposure to such agents may result in effects commonly
associated with inorganic lead, particularly in terms of heme synthesis and erythropoiesis.
Various surveys and case reports show that the habit of sniffing leaded gasoline is associated
with chronic lead intoxication in children from socially deprived backgrounds in rural or
remote areas. Notable in these subjects is evidence of impaired heme biosynthesis, as indexed
by significantly reduced ALA-D activity. In several case reports of frank lead toxicity from
habitual leaded gasoline sniffing, effects such as basophilic stippling in erythrocytes and
significantly reduced hemoglobin have also been noted.

The role of lead-associated disturbances of heme biosynthesis as a possible factor in
neurological effects of lead is of considerable interest due to: (1) similarities between
classical signs of lead neurotoxicity and several neurological components of the congenital
disorder acute intermittent porphyria; and (2) some of the unusual aspects of lead neuro-
toxicity. There are three possible points of connection between lead's effects on heme
biosynthesis and the nervous system. Associated with both lead neurotoxicity and acute inter-
mittent porphyria is the common feature of excessive systemic accumulation and excretion of
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ALA. In addition, lead neurotoxicity reflects, to some degree, impaired synthesis of heme and
hemoproteins involved in crucial cellular functions; such an effect on heme is now known to be
relevant within neural tissue as well as in non-neural tissue.

Available information indicates that ALA levels are elevated in the brains of lead-
exposed animals and arise through in situ inhibition of brain ALA-D activity or through trans-
port of ALA to the brain after formation in other tissues. ALA is known to traverse the
blood-brain barrier. Hence, ALA is accessible to, or formed within, the brain during lead
exposure and may express its neurotoxic potential.

Based on various in vitro and in vivo neurochemical studies of lead neurotoxicity, it
appears that ALA can inhibit release of the neurotransmitter gamma-aminobutyric acid (GABA)
from presynaptic receptors at which ALA appears to be very potent even at low levels. In an
j_n vitro study, ALA acted as an agonist at levels as low as 1.0 uM ALA. This j_n vitro obser-
vation supports results of a study using lead-exposed rats in which there was inhibition of
both resting and K -stimulated release of preloaded 3H-GABA from nerve terminals. The obser-
vation that j_n vivo effects of lead on neurotransmitter function cannot be duplicated with HI
vitro preparations containing added lead is further evidence of an effect of some agent (other
than lead) that acts directly on this function. Human data on lead-induced associations
between disturbed heme synthesis and neurotoxicity, while limited, also suggest that ALA may
function as a neurotoxicant.

A number of studies strongly suggest that lead-impaired heme production itself may be a
factor in the lead's neurotoxicity. In porphyric rats, lead inhibits tryptophan pyrrolase
activity owing to reductions in the hepatic heme pool, thereby leading to elevated levels of
tryptophan and serotonin in the brain. Such elevations are known to induce many of the neuro-
toxic effects also seen with lead exposure. Of great interest is the fact that heme infusion
in these animals reduces brain levels of these substances and also restores enzyme activity
and the hepatic heme pool. Another line of evidence for the heme-basis of lead neurotoxicity
is that mouse dorsal root ganglion in culture manifests morphological evidence of neural
injury with rather low lead exposure, but such changes are largely prevented with co-
administration of heme. Finally, studies also show that heme-requiring cytochrome C produc-
tion is impaired along with operation of the cytochrome C respiratory chain in the brain when
neonatal rats are exposed to lead.

Awareness of the interactions of lead and the vitamin D-endocrine system has been grow-
ing. A recent study has found that children with blood lead levels of 33-120 ug/dl showed
significant" reductions in serum levels of the hormonal metabolite 1,25-dihydroxyvitamin D
(1,25-(OH)2D). This inverse dose-response relationship was found throughout the range of
measured blood lead values (12-120 ug/dl), and appeared to be the result of lead's effect on
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the production of the vitamin D hormone. The 1,25-(OH)2D levels of children with blood lead
levels of 33-55 ug/dl corresponded to the levels that have been observed in children with
severe renal dysfunction. At higher blood lead levels (>62 ug/dl), the 1,25-(OH)20 values
were similar to those that have been measured in children with various inborn metabolic dis-
orders. Chelation therapy of the lead-poisoned children (blood lead levels >62 ^g/dl) resulted
in a return to normal 1,25-(OH)2D levels within a short period.

In addition to its well known actions on bone remodeling and intestinal absorption of
minerals, the vitamin D hormone has several other physiological actions at the cellular level.
These include cellular calcium homeostasis in virtually all mammalian cells and associated
calcium-mediated processes that are essential for cellular integrity and function. In addi-
tion, the vitamin D hormone has newly recognized functions that involve cell differentiation
and essential immunoregulatory capacity. It is reasonable to conclude, therefore, that
impaired production of 1,25-(OH)2D can have profound and pervasive effects on tissues and
cells of diverse type and function throughout the body.

1.12.4 Neurotoxic Effects of Lead
An assessment of the impact of lead on human and animal neurobehavioral function raises a

number of issues. Among the key points addressed here are the following: (1) the internal
exposure levels, as indexed by blood lead levels, at which various neurotoxic effects occur;
(2) the persistence or reversibility of such effects; and (3) populations that appear to be
most susceptible to neural damage. In addition, the question arises as to the utility of
using animal studies to draw parallels to the human condition.

Internal Lead Levels at which Neurotoxic Effects Occur. Markedly elevated blood lead
levels are associated with the most serious neurotoxic effects of lead exposure (including
severe, irreversible brain damage as Indexed by the occurrence of acute or chronic encephalo-
pathic symptoms, or both) in both humans and animals. For most adult humans, such damage
typically does not occur until blood lead levels exceed 120 (jg/dl• Evidence does exist, how-
ever, for acute encephalopathy and death occurring in some human adults at blood lead levels
as low as 100 ug/dl. In children, the effective blood lead level for producing encephalopathy
or death is lower, starting at approximately 80-100 pg/dl. It should be emphasized that, once
encephalopathy occurs, death is not an improbable outcome, regardless of the quality of medi-
cal treatment available at the time of acute crisis. In fact, certain diagnostic or treatment
procedures themselves may exacerbate matters and push the outcome toward fatality if the
nature and severity of the problem are not diagnosed or fully recognized. It is also crucial
to note the rapidity with which acute encephalopathic symptoms can develop or death can occur
in apparently asymptomatic individuals or in those apparently only mildly affected by elevated
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lead body burdens. Rapid deterioration often occurs, with convulsions or coma suddenly ap-
pearing with progression to death within 48 hours. This strongly suggests that even in appar-
ently asymptomatic individuals, rather severe neural damage probably exists at high blood lead
levels even though it is not yet overtly manifested in obvious encephalopathic symptoms. This
conclusion is further supported by numerous studies showing that overtly lead-intoxicated
children with high blood lead levels, but not observed to manifest acute encephalopathic symp-
toms, are permanently cognitively impaired, as are most children who survive acute episodes of
frank lead encephalopathy.

Recent studies show that overt signs and symptoms of neurotoxicity (indicative of both
CNS and peripheral nerve dysfunction) are detectable in some human adults at blood lead levels
as low as 40-60 ug/dl, levels well below blood lead concentrations previously thought to be
"safe" for adult lead exposures. In addition, certain electrophysiological studies of peri-
pheral nerve function in lead workers indicate that slowing of nerve conduction velocities in
some peripheral nerves are associated with blood lead levels as low as 30-50 ug/dl (with no
clear threshold for the effect being evident). These results are indicative of neurological
dysfunctions occurring at relatively low lead levels in non-overtly lead intoxicated adults.

Other evidence confirms that neural dysfunctions exist in apparently asymptomatic chil-
dren at similar or even lower levels of blood lead. The body of studies on low- or moderate-
level lead effects on neurobehavioral functions in non-overtly lead intoxicated children, as
discussed in Chapter 12, presents an array of data pointing to that conclusion. At high expo-
sure levels, several studies point toward average 5-point IQ decrements occurring in asympto-
matic children at average blood levels of 50-70 ug/dl. Other evidence is indicative of
average IQ decrements of about 4 points being associated with blood levels in a 30-50 ug/dl
range. Below 30 ug/dl, the evidence for IQ decrements is quite mixed, with some studies show-
ing no significant associations with lead once other confounding factors are controlled.
Still, the 1-2 point differences in IQ generally seen with blood lead levels in the 15-30
ug/dl range are suggestive of lead effects that are often dwarfed by other socio-hereditary
factors. Moreover, a highly significant linear relationship between IQ and blood lead over
the range of 6 to 47 ug/dl found in low-SES Black children indicates that IQ effects may be
detected without evident threshold even at these low levels, at least in this population of
children. In addition, other behavioral (e.g., reaction time, psychomotor performance) and
electrophysiological (altered EEC patterns, evoked potential measures, and peripheral nerve
conduction velocities are consistent with a dose-response function relating neurotoxic effects
to lead exposure levels as low as 15-30 ug/dl and possibly lower. Although the comparability
of blood lead concentrations across species is uncertain (see discussion below), studies show
neurobehavioral effects in rats and monkeys at maximal blood lead levels below 20 ug/dl; some
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studies demonstrate residual effects long after lead exposure has terminated and blood lead
levels have returned to approximately normal levels.

Timing, type, and duration of exposure are important factors in both animal and human
studies. It is often uncertain whether observed blood lead levels represent the levels that
were responsible for observed behavioral deficits or electrophysiological changes. Monitoring
of lead exposures in pediatric subjects in all cases has been highly intermittent or non-
existent during the period of life preceding neurobehavioral assessment. In most studies of
children, only one or two blood lead values are provided per subject. Tooth lead may be an
important cumulative exposure index, but its modest, highly variable correlation to blood
lead, FEP, or external exposure levels makes findings from various studies difficult to com-
pare quantitatively. The complexity of the many important covariates and their interaction
with dependent variable measures of modest validity, e.g., IQ tests, may also account for many
of the discrepancies among the different studies.

The Question of Irreversibility. Little research on humans is available on persistence
of effects. Some work suggests that mild forms of peripheral neuropathy in lead workers may
be reversible after termination of lead exposure, but little is known regarding the reversi-
bility of lead effects on central nervous system function in humans. A two-year follow-up
study of 28 children of battery factory workers found a continuing relationship between blood
lead levels and altered slow wave voltage of cortical slow wave potentials indicative of per-
sisting CNS effects of lead; a five-year follow-up of some of the same children revealed the
presence of altered brain stem auditory evoked potentials. Current population studies, how-
ever, will have to be supplemented by longitudinal studies of the effects of lead on develop-
ment in order to address the issue of the reversibility or persistence of the neurotoxic
effects of lead in humans more satisfactorily. (See the Addendum to this document for a dis-
cussion of recent results from prospective studies linking perinatal lead exposure to post-
natal mental development.)

Various animal studies provide evidence that alterations in neurobehavioral function may
be long-lived, with such alterations being evident long after blood lead levels have returned
to control levels. These persistent effects have been demonstrated in monkeys as well as rats
under a variety of learning performance test paradigms. Such results are also consistent with
morphological, electrophysiological, and biochemical studies on animals that suggest lasting
changes in synaptogenesis, dendritic development, myelin and fiber tract formation, ionic
mechanisms of neurotransmission, and energy metabolism.

Early Development and the Susceptibility to Neural Damage. On the question of early
childhood vulnerability, the neurobehavioral data are consistent with morphological and bio-
chemical studies of the susceptibility of the heme biosynthetic pathway to perturbation by
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lead. Various lines of evidence suggest that the order of susceptibility to lead's effects is
as follows: (1) young > adults and (2) female > male. Animal studies also have pointed to
the perinatal period of ontogeny as a particularly critical time for a variety of reasons:
(1) it is a period of rapid development of the nervous system; (2) it is a period where good
nutrition is particularly critical; and (3) it is a period where the caregiver environment is
vital to normal development. However, the precise boundaries of a critical period are not yet
clear and may vary depending on the species and function or endpoint that is being assessed.
One analysis of lead-exposed children suggests that differing effects on cognitive performance
may be a function of the different ages at which children are subjected to neurotoxic expo-
sures. Nevertheless, there is general agreement that human infants and toddlers below the age
of three years are at special risk because of in utero exposure (see Addendum), increased
opportunity for exposure because of normal mouthing behavior, and increased rates of lead
absorption due to various factors, e.g., nutritional deficiences.

Utility of Animal Studies in Drawing Parallels to the Human Condition. Animal models are
used to shed light on questions where it is impractical or ethically unacceptable to use human
subjects. This is particularly true in the case of exposure to environmental toxins such as
lead. In the case of lead, it has been effective and convenient to expose developing animals
via their mothers' milk or by gastric gavage, at least until weaning. In many studies, expo-
sure was continued in the water or food for some time beyond weaning. This approach simulates
at least two features commonly found in human exposure: oral intake and exposure during early
development. The preweaning period in rats and mice is of particular relevance in terms of
parallels with the first two years or so of human brain development.

Studies using rodents and monkeys have provide a variety of evidence of neurobehavioral
alteration induced by lead exposure. In most cases these effects suggest impairment in
"learning," i.e, the processes of appropriately modifying one's behavior in response to infor-
mation from the environment. Such behavior involves the ability to receive, process, and
remember information in various forms. Some studies indicate behavioral alterations of a more
basic type, such as delayed development of certain reflexes. Other evidence suggests changes
affecting rather complex behavior in the form of social interactions.

Most of the above effects are evident in rodents and monkeys with blood lead levels
exceeding 30 ug/dl, but some effects on learning ability are apparent even at maximum blood
lead exposure levels below 20 ug/dl. Can these results with animals be generalized to humans?
Given differences between humans, rats, and monkeys in heme chemistry, metabolism, and other
aspects of physiology and anatomy, it is difficult to state what constitutes an equivalent
internal exposure level (much less an equivalent external exposure level). For example, is a
blood lead level of 30 ug/dl in a suckling rat equivalent to 30 ug/dl in a three-year-old
child? Until an answer is available for this question, i.e., until the function describing
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the relationship of exposure indices in different species is available, the utility of animal
models for deriving dose-response functions relevant to humans will be limited.

Questions also exist regarding the comparability of neurobehavioral effects in animals
with human behavior and cognitive function. One difficulty in comparing behavioral endpoints
such as locomotor activity is the lack of a consistent operational definition. In addition to
the lack of standardized methodologies, behavior is notoriously difficult to "equate" or com-
pare meaningfully across species because behavioral analogies do not demonstrate behavioral
homologies. Thus, it is improper to assume, without knowing more about the responsible under-
lying neurological structures and processes, that a rat's performance on an operant condition-
ing schedule or a monkey's performance on a stimulus discrimination task corresponds to a
child's performance on a cognitive function test. Nevertheless, interesting parallels in
hyper-reactivity and increased response variability do exist between different species, and
deficits in performance on various tasks are indicative of altered CNS functions, which are
likely to parallel some type of altered CNS function in humans as well.

In terms of morphological findings, there are reports of hippocampal lesions in both
lead-exposed rats and humans that are consistent with a number of behavioral findings suggest-
ing an impaired ability to respond appropriately to altered contingencies for rewards. That
is, subjects tend to persist in certain patterns of behavior even when changed conditions make
the behavior inappropriate. Other morphological findings in animals, such as demyelination
and glial cell decline, are comparable to human neuropathologic observations mainly at rela-
tively high exposure levels.

Another neurobehavioral endpoint of interest in comparing human and animal neurotoxicity
of lead is electrophysiological function. Alterations of electroencephalographic patterns and
cortical slow wave voltage have been reported for lead-exposed children, and various electro-
physiological alterations both in vivo (e.g., in rat visual evoked response) and in vitro
(e.g., in frog miniature endplate potentials) have also been noted in laboratory animals. At
this time, however, these lines of work have not converged sufficiently to allow for strong
conclusions regarding the electrophysiological aspects of lead neurotoxicity.

Biochemical approaches to the experimental study of lead's effects on the nervous system
have generally been limited to laboratory animal subjects. Although their linkage to human
neurobehavioral function is at this point somewhat speculative, such studies do provide in-
sight to possible neurochemical intermediaries of lead neurotoxicity. No single neurotrans-
mitter system has been shown to be particularly sensitive to the effects of lead exposure;
lead-induced alterations have been demonstrated in various neurotransmitters, including dopa-
mine, norepinephrine, serotonin, and Y~anrin°butyric acid. In addition, lead has been shown to
have subcellular effects in the central nervous system at the level of mitochondria! function
and protein synthesis.
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Given the above-noted difficulties in formulating a comparative basis for internal expo-
sure levels among different species, the primary value of many animal studies, particularly i_n
vitro studies, may be in the information they can provide on basic mechanisms involved in lead
neurotoxicity. A number of in vitro studies show that significant, potentially deleterious
effects on nervous system function occur at j_n situ lead concentrations of 5 uM and possibly
lower, suggesting that no threshold may exist for certain neurochemical effects of lead on a
subcellular or molecular level. The relationship between blood lead levels and lead concen-
trations at such extra- or intracellular sites of action, however, remains to be determined.
Despite the problems in. generalizing from animals to humans, both the animal and the human
studies show great internal consistency in that they support a continuous dose-response func-
tional relationship between lead and neurotoxic biochemical, morphological, electrophysiologi-
cal, and behavioral effects.

1.12.5 Effects of Lead on the Kidney
It has been known for more than a century that kidney disease can result from lead

poisoning. Identifying the contributing causes and mechanisms of lead-induced nephropathy has
been difficult, however, in part because of the complexities of human exposure to lead and
other nephrotoxic agents. Nevertheless, it is possible to estimate at least roughly the range
of lead exposure associated with detectable renal dysfunction in both human adults and chil-
dren. Numerous studies of occupationally-exposed workers have provided evidence for lead-
induced chronic nephropathy being associated with blood lead levels ranging from 40 to more
than 100 ug/dl, and some are suggestive of renal effects, possibly occurring even at levels as
low as 30 ug/dl. In children, the relatively sparse evidence available points to the manifes-
tation of nephropathy only at quite high blood lead levels (usually exceeding 100-120 ug/dl).
The current lack of evidence for nephropathy at lower blood lead levels in children may simply
reflect the greater clinical concern with neurotoxic effects of lead intoxication in children
or, possibly, that much longer-term lead exposures are necessary to induce nephropathy. The
persistence of lead-induced nephropathy in children also remains to be more fully investi-
gated, although a few studies indicate that children diagnosed as being acutely lead poisoned
experience lead nephropathy effects lasting throughout adulthood.

Parallel results from experimental animal studies reinforce the findings in humans and
help illuminate the mechanisms underlying such effects. For example, a number of transient
effects in human and animal renal function are consistent with experimental findings of re-
versible lesions such as nuclear inclusion bodies, cytomegaly, swollen mitochondria, and in-
creased numbers of iron-containing lysosomes in proximal tubule cells. Irreversible lesions
such as interstitial fibrosis are also well documented in both humans and animals following
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chronic exposure to high doses of lead. Functional renal changes observed in humans have also
been confirmed in animal model systems with respect to increased excretion of amino acids and
elevated serum urea nitrogen and uric acid concentrations. The inhibitory effects of lead
exposure on renal blood flow and glomerular filtration rate are currently less clear in exper-
imental model systems; further research is needed to clarify the effects of lead on these
functional parameters in animals. Similarly, while lead-induced perturbation of the renin-
angiotensin system has been demonstrated in experimental animal models, further research is
needed to clarify the exact relationships among lead exposure (particularly chronic low-level
exposure), alteration of the renin-angiotensio system, and hypertension in both humans and
animals.

On the biochemical level, it appears that lead exposure produces changes at a number of
sites. Inhibition of membrane marker enzymes, decreased mitochondria! respiratory function/
cellular energy production, inhibition of renal heme biosynthesis, and altered nucleic acid
synthesis are the most marked changes to have been reported. The extent to which these mito-
chondrial alterations occur is probably mediated in part by the intracellular bioavailability
of lead, which is determined by its binding to high-affinity kidney cytosolic proteins and
deposition within intranuclear inclusion bodies.

Among the questions remaining to be answered more definitively about the effects of lead
on the kidneys is the lowest blood lead level at which renal effects occur. In this regard it
should be noted that recent studies in humans have indicated that the EDTA lead-mobilization
test is the most reliable technique for detecting persons at risk for chronic nephropathy;
blood lead measurements are a less satisfactory indicator because they may not accurately
reflect cumulative absorption some time after exposure to lead has terminated. Other ques-
tions include the following: Can a distinctive lead-induced renal lesion be identified either
in functional or histologic terms? What biologic measurements are most reliable for the
prediction of lead-induced nephropathy? What is the incidence of lead nephropathy in the
general population as well as among specifically defined subgroups with varying exposure?
What is the mechanism of lead-induced hypertension and renal injury? What are the contribu-
tions of environmental and genetic factors to the appearance of renal injury due to lead?
Conversely, the most difficult question of all may well be to determine the contribution of
low levels of lead exposure to possible exacerbation of renal disease of non-lead etiologies.

1.12.6 Effects of Lead on Reproduction and Development
The most clear-cut data described in this section on reproduction and development are

derived from studies employing high lead doses in laboratory animals. There is still a need
for more critical research to evaluate the possible subtle toxic effects of lead on the fetus,

1-122 -



using biochemical, ultrastructural, or behavioral endpoints. An exhaustive evaluation of
lead-associated changes in offspring should include consideration of possible effects due to
paternal lead burden as well. Neonatal lead intake via consumption of milk from lead-exposed
mothers may also be a factor at times. Moreover, it must be recognized that lead's effects on
reproduction may be exacerbated by other environmental factors (e.g., dietary influences,
maternal hyperthermia, hypoxia, and co-exposure to other toxins).

There are currently no reliable data pointing to adverse effects in human offspring fol-
lowing lead exposure of fathers per se. Early studies of pregnant women exposed to high
levels of lead indicated toxic, but not teratogenic, effects on the conceptus. Unfortunately,
the collective human data regarding lead's effects on reproduction or j_n utero development
currently do not lend themselves to accurate estimation of exposure-effect or no-effect
levels. This is particularly true regarding lead effects on reproductive performance in
women, which have not been well documented at low exposure levels. Still, prudence would
argue for avoidance of lead exposures resulting in blood lead levels exceeding 25-30 ug/dl in
pregnant women or women of child-bearing age in general, given the equilibration between
maternal and fetal blood lead concentrations that occurs and the growing evidence for
deleterious effects in young children as blood lead levels approach or exceed 25-30 ug/dl.
Industrial exposures of men to lead at levels resulting in blood lead values of 40-50 ug/dl
also appear to result in altered testicular function.

The paucity of human exposure data forces an examination of the animal studies for indi-
cations of threshold levels for effects of lead on the conceptus. It must be noted that the
animal data are almost entirely derived from rodents. Based on these rodent data, it seems
likely that fetotoxic effects have occurred in animals at chronic exposures to 600-800 ppm
inorganic lead in the diet. Subtle effects appear to have been observed at 5-10 ppm in the
drinking water, while effects of inhaled lead have been seen at levels of 10 mg/m3. With mul-
tiple exposure by gavage, the lowest observed effect level is 64 mg/kg per day, and for expo-
sure via injection, acute doses of 10-16 mg/kg appear effective. Since humans are most likely
to be exposed to lead in their diet, air, or water, the data from other routes of exposure are
of less value in estimating harmful exposures. Indeed, it appears that teratogenic effects
occur in experimental animals only when the maternal dose is given by injection.

Although human and animal responses may be dissimilar, the animal evidence does document
a variety of effects of lead exposure on reproduction and development. Measured or apparent
changes in production of or response to reproductive hormones, toxic effects on the gonads,
and toxic or teratogenic effects on the conceptus have all been reported. The animal data
also suggest subtle effects on such parameters as metabolism and cell structure that should be
monitored in human populations. Well-designed prospective human epidemiological studies
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(beyond the few presently available) involving large numbers of subjects are still needed.
Such data could clarify the relationship of exposure periods, exposure durations, and blood
lead concentrations associated with significant effects and are needed for estimation of no-
effect levels as well. (Recent studies, »ost of which are prospective epidemiological inves-
tigations, on the relationship between relatively low-level lead exposure and effects on fetal
and child development, along with supporting experimental evidence on possible underlying
mechanisms are reviewed in an Addendum to this document.)

1.12.7 Genotoxic and Carcinogenic Effects of Lead
It is hard to draw clear conclusions concerning what role lead may play in the induction

of human neoplasia. Epidemiological studies of lead-exposed workers provide no definitive
findings. However, statistically significant elevations in respiratory tract and digestive
system cancer in workers exposed to lead and other agents warrant some concern. Since lead
acetate can produce renal tumors in some experimental animals, it seems reasonable to conclude
that at least this particular lead compound should be regarded as a carcinogen and prudent to
treat it as if it were also a human carcinogen (as concluded by the International Agency for
Research on Cancer). However, this statement is qualified by noting that lead has been
observed to increase tumorigenesis rates in animals only at relatively high concentrations,
and therefore it does not appear to be a potent carcinogen. In vitro studies further support
the genotoxic and carcinogenic role of lead, but also indicate that lead is not potent in
these systems either.

1.12.8 Effects of Lead on the Immune System
Lead renders animals more susceptible to endotoxins and infectious agents. Host suscep-

tibility and the humoral immune system appear to be particularly sensitive. As postulated in
recent studies, the macrophage may be the primary immune target cell of lead. Lead-induced
immunosuppression occurs in experimental animals at low lead exposures that, although not
inducing overt toxicity, may nevertheless be detrimental to health. Available data provide
good evidence that lead affects immunity, but additional studies are necessary to elucidate
the actual mechanisms by which lead exerts its immunosuppressive action. Knowledge of the
effects of lead on the human immune system is lacking and must be ascertained in order to
determine permissible levels for human exposure. However, in view of the fact that lead
affects immunity in laboratory animals and is immunosuppressive at very low dosages, its
potential for serious effects in humans should be carefully considered.
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1.12.9 Effects of Lead on Other Organ Systems
The cardiovascular, hepatic, gastrointestinal, and endocrine systems generally show signs

of dysfunction at relatively high lead exposure levels. Consequently, in most clinical and
experimental studies, attention has been primarily focused on more sensitive and vulnerable
target organs, such as the hematopoietic and nervous systems. However, some work does suggest
that humans and animals show significant increases in blood pressure following chronic expo-
sure to low levels of lead (see Addendum to this document for a detailed discussion of the
relationship between blood lead and blood pressure and the possible biological mechanisms
which may be responsible for this association). It should also be noted that overt gastroin-
testinal symptoms associated with lead intoxication have been observed to occur in lead
workers at blood lead levels as low as 40-60 ug/dl. These findings suggest that effects on
the gastrointestinal and cardiovascular systems may occur at relatively low exposure levels
but remain to be more conclusively demonstrated by further scientific investigations. Current
evidence indicates that various endocrine processes may be affected by lead at relatively high
exposure levels. However, little information exists on endocrine effects at lower exposure
levels, except for alterations in vitamin-D metabolism previously discussed earlier as
secondary to heme synthesis effects and occurring at blood lead levels ranging below 30 ug/dl
to as low as 12 ug/dl. (Evidence relating endocrine function to various recently reported
lead-associated effects on human fetal and child development, including effects on growth and
stature, is reviewed in the Addendum to this document.)

1.13 EVALUATION OF HUMAN HEALTH RISKS ASSOCIATED WITH EXPOSURE TO LEAD AND ITS COMPOUNDS
1.13.1 Introduction

This section attempts to integrate key information and conclusions discussed in preceding
sections into a coherent framework by which interpretation and judgments can be made concern-
ing the risk to human health posed by present levels of lead contamination in the United
States. In discussion of the various health effects of lead, the main emphasis is on the
identification of those effects most relevant to various segments of the general U.S. popula-
tion and the placement of such effects in a dose-effect/dose-response framework. With regard
to the latter, a crucial issue has to do with the relative response of various segments of the
population in terms of observed effect levels as indexed by some exposure indicator. Further-
more, it is of interest to assess t/ie extent to which available information supports the
existence of a continuum of effects as one proceeds across the spectrum of exposure levels.
Discussion of data on the relative number or percentage of members of specific population
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groups that can be expected to experience a particular effect at various lead exposure levels
(i.e., "responders") is also important in order to permit delineation of dose-response curves
for the relevant effects in different segments of the population. These matters are discussed
in Sections 1.13.4 and 1.13.5.

Melding of information from the sections on lead exposure, metabolism, and biological
effects permits the identification of population segments at special risk in terms of physio-
logical and other host characteristics, as well as heightened vulnerability to a given effect;
these risk groups are discussed in Section 1.13.6. With demographic identification of indivi-
duals at risk, one may then draw upon population data from other sources to obtain a numerical
picture of the magnitude of population groups at potential risk. This is also discussed in
Section 1.13.6.

1.13.2 Exposure Aspects: Levels of Lead in Various Media of Relevance to Human Exposure
Human populations in the United States are exposed to lead in air, food, water, and dust.

In rural areas, Americans not occupationally exposed to lead are estimated to consume 40-60 ug
lead/day. This level of exposure is referred to as the baseline exposure for the American
population because it is unavoidable except by drastic change in lifestyle or by regulation of
lead in foods or ambient air. There are several environmental circumstances that can increase
human exposures above baseline levels. Most of these circumstances involve the accumulation
of atmospheric dusts in the work and play environments. A few, such as pica and family home
gardening, may involve consumption of lead in chips of interior or exterior house paint.

Ambient Air Lead Levels. Monitored ambient air lead concentration values in the United
States are contained in two principal data bases: (1) EPA's National Air Sampling Network
(NASN), recently renamed National Filter Analysis Network (NFAN); and (2) EPA's National Aero-
metric Data Bank, consisting of measurements by state and local agencies in conjunction with
compliance monitoring for the current ambient air 1-ead standard.

NASN data for 1982, the most current year in the annual surveys, indicate that most of
the urban sites show reported annual averages below 0.7 ug Pb/m3, while the majority of the
non-urban locations have annual figures below 0.2 ug Pb/m3. Over the interval 1976-1982,
there has been a downward trend in these averages, mainly attributable to decreasing lead
content of leaded gasoline and the increasing usage of lead-free gasoline. Furthermore, exam-
ination of quarterly averages over this interval shows a typical seasonal variation, charac-
terized by maximum air lead values in summer and minimum values in winter.

With respect to the particle size distribution of ambient air lead, EPA studies using
cascade impactors in six U.S. cities have indicated that 60-75 percent of such air lead was
associated with sub-micron particles. This size distribution is significant in considering
the distance particles may be transported and the deposition of particles in the pulmonary
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compartment of the respiratory tract. The relationship between airborne lead at the monitor-
ing station and the lead inhaled by humans is complicated by such variables as vertical gradi-
ents, relative positions of the source, monitor, and the person, and the ratio of indoor to
outdoor lead concentrations. Personal monitors would probably be the most effective means to
obtain an accurate picture of the amount of lead inhaled during the normal activities of an
individual, but the information gained would be insignificant, considering that inhaled lead
is generally only a small fraction of the total lead exposure, compared to the lead in food,
beverages, and dust. The critical question in regard to airborne lead is how much lead be-
comes entrained in dust. In this respect, the existing monitoring network may provide an
adequate estimate of the air concentration from which the rate of deposition can be deter-
mined.

Levels of Lead In Dust. The lead content of dusts can figure prominently in the total
lead exposure picture for young children. Lead in aerosol particles deposited on rigid sur-
faces in urban areas (such as sidewalks, porches, steps, parking lots, etc.) does not undergo
dilution compared to lead transferred by deposition onto soils. Lead in dust can approach
extremely high concentrations and can accumulate in the interiors of dwellings as well as in
the outside surroundings, particularly in urban areas.

Measurements of soil lead to a depth of 5 cm in areas of the United States were shown in
one study to range from 150 to 500 ug/g dry weight close to roadways (i.e., within 8 meters).
By contrast, lead in dusts deposited on or near heavily traveled traffic arteries show levels
in major U.S. cities ranging up to 8000 ug/g and higher. In residential areas, exterior dust
lead levels are approximately 1000 ug/g or less if contaminated only by atmospheric lead.
Levels of lead in house dust can be significantly elevated; a study of house dust samples in
Boston and New York City revealed levels of 1000-2000 ug/g. Some soils adjacent to houses
with exterior lead-based paints may have lead concentrations greater than 10,000 ug/g.

Forty-four percent of the baseline consumption of lead by children is estimated to result
from consumption of 0.1 g of dust per day, as noted earlier in Table 1-7 (and in Table 1-14 on
a body weight basis). Ninety percent of this dust lead is of atmospheric origin. Dust also
accounts for more than 90 percent of the additive lead attributable to living in an urban en-
vironment or near a smelter (see earlier Table 1-8).

Levels of Lead in Food. The route by which adults and older children in the baseline
population of the United States receive the largest proportion of lead intake is through
foods, with reported estimates of the dietary lead intake for Americans ranging from 40 to 60
pg/day. The added exposure from living in an urban environment is about 28 ug/day for adults
and 91 pg/day for children, all of which can be attributed to atmospheric lead.
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TABLE 1-14. RELATIVE BASELINE HUMAN LEAD EXPOSURES EXPRESSED PER KILOGRAM BODY WEIGHT*

Child (2-yr-old)
Inhaled air
Food and beverages
Dust

Total

Adult female
Inhaled air
Food and beverages
Dust

Total
lead

consumed,
ug/day

0.5
25.1
21.0

46.6

1.0
32.0
4.5

Total lead consumed
per kg body wt,

ug/kg-day

0.05
2.5
2.1

4.65

0.02
0.64
0.09

Atmospheric lead
per kg body wt,

ug/kg-day

0.05
1.0
1.9

2.95

0.02
0.25
0.06

Total

Adult male
Inhaled air
Food and beverages
Dust

Total

37.5

1.0
45.2
4.5

50.7

0.75

0.014
0.65
0.064

0.73

0.33

0.014
0.28
0.04

0.334

*Body weights: 2-year-old child = 10 kg; adult female = 50 kg; adult male = 70 kg.

Source: This report.

Atmospheric lead may be added to food crops in the field or pasture, during transporta-
tion to the market, during processing, and during kitchen preparation. Metallic lead, mainly
solder, may be added during processing and packaging. Other sources of lead, as yet undeter-
mined, increase the lead content of food between the field and dinner table. American chil-
dren, adult females, and adult males consume 19, 25, and 36 ug Pb/day, respectively, in milk
and nonbeverage foods. Of these amounts, 49 percent is of direct atmospheric origin, 31 per-
cent is of metallic origin, and 11 percent is of undetermined origin.

Processing of foods, particularly canning, can significantly add to their background lead
content, although it appears that the impact of this is being lessened with the trend away
from use of lead-soldered cans. The canning process can increase lead levels 8-to 10-fold
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higher than for the corresponding uncanned food items. Home food preparation can also be a
source of additional lead in cases where food preparation surfaces are exposed to moderate
amounts of high-lead household dust.

Lead Levels in Drinking Water. Lead in drinking water may result from contamination of
the water source or from the use of lead materials in the water distribution system. Lead
entry into drinking water from the latter is increased in water supplies which are plumbo-
solvent, i.e., with a pH below 6.5. Exposure of individuals occurs through direct ingestion
of the water or via food preparation in such water.

The interim EPA drinking water standard for lead is 0.05 pg/g (50 ug/1) and several ex-
tensive surveys indicate that few public water supplies exceed this standard. For example, a
survey of interstate carrier water supplies conducted by EPA showed that only 0.3 percent ex-
ceeded the standard, whereas mean levels of approximately 4.0 |jg/l have been reported in 1971
and 1980 (as discussed in Section 7.2.3.1.1).

The major source of lead contamination of drinking water is the distribution system it-
self, particularly in older urban areas. Highest levels are encountered in "first-draw" sam-
ples, i.e., water sitting in the piping system for an extended period of time. In a large
community water supply survey of 969 systems carried out in 1969-1970, it was found that the
prevalence of samples exceeding 0.05 ug/g was greater where water was plumbo-solvent.

Most drinking water, and the beverages produced from drinking water, contain 0.007-
0.011 ug lead/g. The exceptions are canned juices and soda pop, which range from 0.018 to
0.040 M9/9- About 15 percent of the lead consumed in drinking water and beverages is of
direct atmospheric origin; 60 percent comes from solder and other metals.

Lead in Other Media. Flaking lead paint as well as paint chips and weathered powdered
paint in and around deteriorated housing stock in urban areas of the Northeast and Midwest has
long been recognized as a major source of lead exposure for young children residing there,
particularly for children with pica. Census data, for example, indicate that there are
approximately 27 million residential units in the United States built before 1940, many of
which still contain lead-based paint. Individuals who are cigarette smokers may inhale signi-
ficant amounts of lead in tobacco smoke. One study has indicated that the smoking of 30
cigarettes daily results in lead intake equivalent to that of inhaling lead in ambient air at
a level of 1.0 (jg/m3.

Cumulative Human Lead Intake From Various Sources. Table 1-7 earlier illustrated the
baseline of human lead exposures in the United States as described in detail in Chapter 7.
These data show that atmospheric lead accounts for at least 40 percent of the baseline adult
consumption and 60 percent of the daily consumption by a 2-yr-old child. These percentages
are conservative estimates because a part of the lead of undetermined origin may originate
from atmospheric lead not yet accounted for.
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From Table 1-14, it can be seen that young children have a dietary lead intake rate that
is fivefold greater than for adults, on a body weight basis. To these observations must be
added that absorption rates for lead are higher in children than in adults by at least three-
fold. Overall, then, the rate of lead entry into the bloodstream of children, on a body
weight basis, is estimated to be twice that of adults from the respiratory tract and six to
nine times greater from the GI tract. Since children consume more dust than adults, the
atmospheric fraction of the baseline exposure is sixfold higher for children than for adults,
on a body weight basis. These differences generally tend to place young children at greater
risk, in terms of relative amounts of atmospheric lead absorbed per kg body weight, than
adults under any given lead exposure situation.

1.13.3 Lead Metabolism: Key Issues for Human Health Risk Evaluation
From the detailed discussion of those various quantifiable characteristics of lead toxi-

cokinetics in humans and animals presented in Chapter 10, several clear issues emerge as being
important for full evaluation of the human health risk posed by lead:

(1) Differences in systemic or internal lead exposure of groups within the general popu-
lation in terms of such factors as age/development and nutritional status; and

(2) The relationship of indices of internal lead exposures to both environmental levels
of lead and tissue levels/effects.

Item 1 provides the basis for identifying segments within human populations at increased
risk in terms of exposure criteria, and is used along with additional information on relative
sensitivity to lead health effects for identification of at-risk populations. Item 2 deals
with the adequacy of current means of assessing internal lead exposure in terms of providing
adequate margins of protection from lead exposures-producing health effects of concern.

Differential Internal Lead Exposure Within Population Groups. Compared to adults, young
children take in more lead through the gastrointestinal and respiratory tracts on a unit body
weight basis, absorb a greater fraction of this lead intake, and also retain a greater propor-
tion of the absorbed amount. Unfortunately, such amplification of these basic toxicokinetic
parameters in children versus adults also occurs at the time when: (1) humans are developmen-
tal ly more vulnerable to the effects of toxicants such as lead in terms of metabolic activity;
and (2) the interactive relationships of lead with such factors as nutritive elements are such
as to induce a negative course toward further exposure risk.

Typical of physiological differences in children versus adults in terms of lead exposure
implications is a more metabolically active skeletal system in children. Turnover rates of
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bone elements such as calcium and phosphorus are greater in children than in adults, with cor-
respondingly greater nobility of bone-sequestered lead. This activity is a factor in the
observation that the skeletal system of children is relatively less effective as a depository
for lead than in adults.

Metabolic demand for nutrients, particularly calcium, iron, phosphorus, and the trace
nutrients, is such that widespread deficiencies of these nutrients exist, particularly among
poor children. The interactive relationships of these elements with lead are such that defi-
ciency states enhance lead absorption and/or retention. In the case of lead-induced reduc-
tions in 1,25-dihydroxyvitamin D, furthermore, there may exist an increasingly adverse inter-
active cycle between lead effects on 1,25-dihydroxyvitamin D and associated increased absorp-
tion of lead.

Quite apart from the physiological differences which enhance internal lead exposure in
children is the unique relationship of 2- to 3-year-olds to their exposure setting by way of
normal mouthing behavior; the extreme manifestation of this behavior is called pica. This
behavior occurs in the same age group which studies have consistently identified as having a
peak in blood lead. A number of investigations have addressed the quantification of this
particular route of lead exposure, and it is by now clear that such exposure will dominate
other routes when the child's surroundings, e.g., dust and soil, are significantly contami-
nated by lead.

Information provided in Chapter 10 also makes it clear that lead traverses the human pla-
cental barrier, with lead uptake by the fetus occurring throughout gestation. Such uptake of
lead poses a potential threat to the fetus via an impact on the embryologies! developement of
the central nervous and other systems. Hence, the only logical means of protecting the fetus
from lead exposure is exposure control during pregnancy.

Within the general population, then, young children and pregnant women qualify as well-
defined high-risk groups for lead exposure. In addition, certain emerging information (noted
in Section 13.5 and described in detail in the Addendum to this document) indicates that in-
creases in blood pressure are associated with blood lead concentrations ranging from >30-40
ug/dl down to possibly as low as 7 ug/dl; this association appears to be particularly robust
in white males, aged 40-59. Occupational exposure to lead, particularly among lead workers,
logically defines these individuals as also being in a high-risk category; work-place contact
is augmented by those same routes and levels of lead exposure affecting the rest of the adult
population. From a biological point of view, lead workers do not differ from the general
adult population with respect to the various toxicokinetic parameters and any differences in
exposure control—occupational versus non-occupational populations--as they exist, are based
on factors other than toxicokinetics.
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Indices of Internal Lead Exposure and Their Relationship To External Lead Levels and
Tissue Burdens/Effects. Several points are of importance to consider in this area of lead
toxicokinetics: (1) the temporal characteristics of indices of lead exposure; (2) the rela-
tionship of the indicators to external lead levels; (3) the validity of indicators of exposure
in reflecting target tissue burdens; (4) the interplay between these indicators and lead in
body compartments; and (5) those various aspects of the issue with particular reference to
children.

At this time, blood lead is widely held to be the most convenient, if imperfect, index of
both lead exposure and relative risk for various adverse health effects. In terms of expo-
sure, however, it is generally accepted that blood lead is a temporally variable measure which
yields an index of relatively recent exposure because of the rather rapid clearance of absor-
bed lead from the blood. Such a measure, then, is of limited usefulness in cases where expo-
sure is variable or intermittent over time, as is often the case with pediatric lead exposure.
Mineralizing tissues (specifically, deciduous teeth), on the other hand, accumulate lead over
time in proportion to the degree of lead exposure, and analysis of this material provides an
assessment integrated over a greater time period.

These two methods of assessing internal lead exposure have obvious shortcomings. A blood
lead value will say little about any excessive lead intake at early periods, even though such
remote exposure may have resulted in significant injury. On the other hand, whole tooth or
dentine analysis is retrospective in nature and can only be done after the particularly vulne-
rable age in children—under 4-5 years—has passed. Such a measure, then, provides little
utility upon which to implement regulatory policy or clinical intervention.

It may be possible to resolve the dilemmas posed by these existing methods by iji situ
analysis of teeth and bone lead, such that the intrinsic advantage of mineral tissue as a
cumulative index is combined with measurement which is temporally concordant with on-going
exposure. Work in several laboratories offers promise for such j_n situ analysis (see Chapters
9 and 10).

A second issue concerning internal indices of exposure and environmental lead is the
relationship of changes in lead content of some medium with changes in blood content. Much of
Chapter 11 is given over to description 'of the mathematical relationships of blood lead with
lead in some external medium—air, food, water, etc.--without consideration of the biological
underpinnings for these relationships.

Over a relatively broad range of lead exposure through some medium, the relationship of
lead in the external medium to blood lead is curvilinear, such that relative change in blood
lead per unit change in medium level generally becomes increasingly less as exposure in-
creases. This behavior may reflect changes in tissue lead kinetics, reduced lead absorption,
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or increased excretion. With respect to changes in body lead distribution, the relative
amount of whole blood lead in plasma increases significantly with increasing whole blood lead
content; i.e., the plasma erythrocyte ratio increases. Limited animal data would suggest that
changes in absorption may be one factor in this phenomenon. In any event, modest changes in
blood levels with exposure at the higher end of this range are in no way to be taken as re-
flecting concomitantly modest changes in body or tissue lead uptake. Evidence continues to
accumulate which suggests that an indicator such as blood lead is an imperfect measure of
tissue lead burdens and of changes in such tissue levels in relation to changes in external
exposure (see Figure 1-21).

In Chapter 10, it is pointed out that blood lead is logarithmically related to chelatable
lead (the latter being a more useful measure of the potentially toxic fraction of body lead),
such that a unit change in blood lead is associated with an increasingly larger amount of
chelatable lead. One consequence of this relationship is that moderately elevated blood lead
values will tend to mask the "margin of safety" in terms of mobile body lead burdens. Such
masking is apparent in several studies of children where chelatable lead levels in children
showing moderate elevations in blood lead overlapped those obtained in subjects showing frank
plumbism, i.e., overt lead intoxication. In a multi-institutional survey involving several
hundred children, it was found that a significant percentage of children with moderately
elevated blood lead values had chelatable lead burdens which qualified them for medical
treatment.

Related to the above is the question of the source of chelatable lead. It is noted in
Chapter 10 that some sizable fraction of chelatable lead is derived from bone; this compels
reappraisal of the notion that bone is an "inert sink" for otherwise toxic body lead. The
notion of bone lead as lexicologically inert never did accord with what was known from studies
of bone physiology, i.e., that bone is a "living" organ. The thrust of recent studies of che-
latable lead, as well as interrelationships of lead and bone metabolism, supports the view
that bone lead is actually an insidious source of long-term systemic lead exposure rather than
a protective mechanism which permits significant lead contact in industrialized populations.

The complex interrelationships of lead exposure, blood lead, and lead in body compart-
ments is of particular interest in considering the disposition of lead in young children.
Since children take in more lead on a weight basis, and absorb and retain more of this lead
than the adult, one might expect either that tissue and blood levels would be significantly
elevated or that the child's skeletal system would be more efficient in lead sequestration.
Average blood lead levels in young children are generally either similar to adult males or
somewhat higher than for adult females. Limited autopsy data, furthermore, indicate that soft
tissue levels in children are not markedly different from adults, whereas the skeletal system
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Figure 1-21. Illustration of main body compartments involved in partitioning, retention, and excretion
of absorbed lead and selected target organs for lead toxicity. Inhaled and ingested lead circulates via
blood (1) to mineralizing tissues such as teeth and bon« (2), where long-term retention occurs reflective or
cumulative past exposures. Concentrations of lead in blood circulating to "soft tissue target organs
such as brain (3), peripheral nerve, and kidney, reflect both recent external exposures and leaa re-
circulated from internal reservoirs (e.g. bone). Blood lead levels used to index internal body ead
burden tend to be in equilibrium with lead concentrations in soft tissues and, below 30 yg/ai a«o
generally appear to reflect accumulated lead stores. However, somewhat more elevated current Diooa
JVad levels may "mask" potentially more toxic elevations of retained lead due to relat.vely rapid! declines
in blood lead in response to decreased external exposure. Thus, provocative chelat.on of some children
with blood leads of 30-40 M9/dl, for example, results in mobilization of lead from bone ana otner
tissues into blood and movement of the lead (4) into kidney (5), where it is filtered into urine ana
excreted (6) at concentrations more typical of overtly lead-intoxicated children with higher blood lead
concentrations.
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shows an approximate twofold increase in lead concentration from infancy to adolescence.
Neglected in this observation is the fact that the skeletal system in children grows at an
exponential rate, so that skeletal mass increases 40-fold during the interval in childhood
when bone lead levels increase twofold, resulting in an actual increase of approximately
80-fold in total skeletal lead. If the skeletal growth factor is taken into account, along
with growth in soft tissue and the expansion of vascular fluid volumes, the question of lead
disposition in children is better understood. Finally, limited animal data indicate that
blood lead alterations with changes in lead exposure are poor indicators of such changes in
target tissue. Specifically, it appears that abrupt reduction of lead exposure will be more
rapidly reflected by decreases in blood lead than by decreased lead concentrations in such
target tissues as the central nervous system, especially in the developing organism. This
discordance may underlie the observation that severe lead neurotoxicity in children is assoc-
iated with a rather broad range of blood lead values (see Section 12.4).

The above discussion of some of the problems with the use of blood lead in assessing tar-
get tissue burdens or the toxicologically active fraction of total body lead is really a sum-
mary of the inherent toxicokinetic problems with use of blood lead levels in defining margins
of safety for avoiding internal exposure or undue risk of adverse effects. If, for example,
blood lead levels of 30-50 ug/dl in "asymptomatic" children are associated with chelatable
lead burdens which overlap those encountered in frank pediatric plumbism, as documented in
several studies of lead-exposed children, then there is no margin of safety at these blood
levels for severe effects which are not at all a matter of controversy. Were it both logisti-
cal ly feasible to do so on a large scale and were the use of chelants free of health risk to
the subjects, serial provocative chelation testing would appear to be the better indicator of
exposure and risk. Failing this, the only prudent alternative is the use of a large safety
factor applied to blood lead which would translate to an "acceptable" chelatable burden. It
is likely that this blood lead value would lie well below the currently accepted upper limit
of 25 ug/dl, since the safety factor would have to be large enough to protect against frank
plumbism as well as more subtle health effects seen with non-overt lead intoxication. This
rationale from the standpoint of lead toxicokinetics is also in accord with the growing data
base for dose-effect relationships of lead's effects on heme biosynthesis, erytnropoiesis, and
the nervous system in humans as detailed in Sections 12.3 and 12.4 (see also Section 1.13.4,
below).

Further development and routine use of uj situ mineral tissue testing at time points con-
cordant with on-going exposure and the comparison of such results with simultaneous blood lead
and chelatable lead measurement would be of significant value in further defining what level
of blood lead is indeed an acceptable upper limit.
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Proportional Contributions of Lead in Various Media to Blood Lead in Human Populations.
The various mathematical descriptions of the relationship of blood lead to lead in individual
media—air, food, water, dust, soil—are discussed in some detail in Chapter 11. Using values
for lead intake/content of these media which appear to represent the current exposure picture
for human populations in the United States, these relationships are further employed in this
section to estimate proportional inputs to total blood lead levels in U.S. children. Such an
exercise is of help in providing an overall perspective on which routes of exposure are of
most significance in terms of contributions to blood lead levels, especially in urban chil-
dren, which represent the population group in the United States at greatest risk for lead
exposure and its toxic effects.

Table 1-15 tabulates the relative direct and indirect contributions of air lead to blood
lead at different ambient air-lead levels for calculated typical background levels of lead
from food, water, and dust for U.S. children. Calculations and assumptions used in deriving
the estimates shown in Table 1-15 are summarized in footnotes to that table. The dietary con-
tributions listed in the table, for example, are based on: (1) the estimated average back-
ground levels of lead (from non-air and air sources) in food ingested per day by U.S. chil-
dren, as delineated in Table 7-19; and (2) the value of 0.16 ug/dl of blood lead increase per
ug/day food lead intake found by Ryu et al. (1983) for infants. Similarly, values for other
parameters used in Table 1-15 are obtained from work discussed in Chapters 7 and 11.

It is of interest to compare (1) estimated blood lead values predicted in Table 1-15 to
occur at particular air lead concentrations with (2) actual blood lead levels observed for
U.S. children living in areas with comparable ambient air concentrations. As an example,
NHANES II survey results for children living in rural areas and urban areas of less than one
million population or more than one million were presented in Table 11-5. For children (aged
0.5-5 yr) living in urban areas >1 million, the mean blood lead value was 16.8 ug/dl, a value
representative of average blood lead levels nationwide for preschool children living in large
urban areas during the NHANES survey period (1976 to February, 1980). Ambient air lead con-
centrations (quarterly averages) during the same time period (1976-1979) for a geographically
diverse sample of large urban areas in the United States (population >1 million) are available
from Table 7-2. The air lead levels during 1976-1979 averaged 1.08 ug/m3 for all cities
listed in Table 7-2 and 1.20 ug/m3 for eight cities in the table that were included in the
NHANES II study (i.e., Boston, New York, Philadelphia, Detroit, Chicago, Houston, Los Angeles,
and Washington, DC). The Table 1-15 blood lead values of 12.6-14.6 ug/dl estimated for air
lead levels of 1.0-1.25 pg/m3 approximate the observed NHANES II average of 16.8 ug/dl for
children in large urban areas with average air lead levels of 1.08-1.20 ug/m3. The NHANES II
blood lead values for preschool children would be expected to be somewhat higher than the
estimates in Table 1-15 because the latter were derived from FDA data for 1981-1983, which
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TABLE 1-15. CONTRIBUTIONS FROM VARIOUS MEDIA TO BLOOD LEAD LEVELS (ug/dl) OF
U.S. CHILDREN (AGE = 2 YEARS): BACKGROUND LEVELS AND INCREMENTAL CONTRIBUTIONS FROM AIR

____________________Air lead, ug/m3___________________
Source 0 0.25 0.50 0.75 1.00 1.25 1.50

Background-non air
Food, Water and
Beverages3 2.37 2.37 2.37 2.37 2.37 2.37 2.37

Dust0 0.30 0.30 0.30 0.30 0.30 0.30 0.30
Subtotal 2757 2757 2767 2.67 O7 2~67 2.67

Background-air
Food, Water and
Beverages0 1.65 1.65 1.65 1.65 1.65 1.65 1.65

Ingested dust (with
deposited from air)

Inhaled air

Total

0.00

0.00

4.32

1.57

0.50

6.39

3.09

1.00

8.41

4.70

1.50

10.52

6.27

2.00

12.59

7.84

2.50

14.66

9.40

3.00

16.72

aFrom Table 7-19, (25.1 - 10.3) ug/day x (0.16 from Ryu et al., 1983) = 2.37 ug/dl.
From Chapter 7, 1/10 dust not atmospheric. Using Angle et al. (1984) low area (Area S)
for soil and house dust and their regression equation, we have: (1/10) x (97 ug/g x
0.00681 + 324 ug/g x 0.00718) = 0.30 ug/dl. Alternatively, the consumption from non air
would be (1/10) x (97 ug/g soil dust + 324 ug/g house dust) x 0.05 grams ingested of
each = 2.1 ug ingested. Using Ryu et al. (1983), 2.1 x 0.16 = 0.34 ug/dl added to blood.

cAs in (a) above, but using 10.3 instead of (25.1 - 10.3) yields 1.67 ug/dl. Values are
derived for component of background Pb in food from past deposition from air onto soil and
into other media leading into human food chain (not expected to change much except over
long-term).
The regression equations of Angle et al. (1984) are used, as well as levels of soil dust
and house dust in the low area (S) and high area (C) of that study. For example, the
increase at 1.0 ug/m3 in air would result in increases in soil as follows:

Similarly the increase in house dust would be:

oiS- S: 29 x <625 ' 324) = 374
The effect on blood lead would be (526 x 0.00681) + (374 x 0.00718) = 6.27 ug/dl.

eUsing the 2.0 slope from Angle et al. (1984), i.e., 1.93 rounded up.
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were lower than the PDA values for the 1976-1980 NHANES II period (see Chapter 7). PDA data
for food, water, and beverages for the 1976-1980 period are not in a form exactly comparable
to the 1981-1983 data used in calculating background contributions in Table 1-15, but do
suggest that lead levels in those media declined by about 20 percent from the 1976-1980 period
to 1981-1983. If background contributions in Table 1-15 were corrected (i.e., increased by
20 percent) to be comparable to the 1976-1980 period, then the blood lead levels of children
exposed to 1.25 ug/m3 air lead would increase to 15.5 pg/dl, a value even closer to the mean
of 16.8 ug/dl found for NHANES II children living in urban environments (>1 million) during
1976-1980.

1.13.4 Biological Effects of Lead Relevant to the General Human Population
It is clear from the wealth of available literature reviewed in Chapter 12 that there

exists a continuum of biological effects associated with lead across a broad range of expo-
sure. At rather low levels of lead exposure, biochemical changes, e.g., disruption of certain
enzymatic activities involved in heme biosynthesis and erythropoietic pyrimidine metabolism,
are detectable. Heme biosynthesis is a generalized process in mammalian species, including
man, with importance for normal physiological functioning of virtually all organ systems.
With increasing lead exposure, there are sequentially more intense effects on heme synthesis
as well as a.broadening of effects to additional biochemical and physiological mechanisms in
various tissues. In addition to heme biosynthesis impairment at relatively low levels of lead
exposure, disruption of normal functioning of the erythropoietic and nervous systems are among
the earliest effects observed as a function of increasing lead exposure. With increasingly
intense exposure, more severe disruption of the erythropoietic and nervous systems occur and
additional organ systems are affected, resulting, for example, in manifestation of renal
effects, disruption of reproductive functions, and impairment of immunological functions. At
sufficiently high levels of exposure, the damage to the nervous system and other effects can
be severe enough to result in death or, in some cases of non-fatal lead poisoning, long-
lasting sequelae such as permanent mental retardation.

As discussed in Chapter 12 of this document, numerous new studies, reviews, and critiques
concerning lead-related health effects have been published since the issuance of the earlier
ERA Lead Criteria Document in 1977. Of particular importance for present criteria development
purposes are those new findings, taken together with information available at the writing of
the 1977 Criteria Document, which have bearing on the establishment of quantitative dose-
effect or dose-response relationships for which can be potentially viewed as adverse health
effects likely to occur among the general population at or near existing ambient air concen-
trations of lead in the United States. Key information regarding observed health effects and
their implications are discussed below for adults and children.
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For the latter group, children, emphasis is placed on the discussion of (1) heme biosyn-
thesis effects, (2) certain other biochemical and hematological effects, and (3) the disrup-
tion of nervous system functions. All of these appear to be among those effects of most con-
cern for potential occurrence in association with exposure to existing U.S. ambient air lead
levels for the population group at greatest risk for lead-induced health effects (i.e.,
children i6 years old). Emphasis is also placed on the delineation of internal lead exposure
levels, as defined mainly by blood lead (PbB) levels likely associated with the occurrence of
such effects. Also discussed are characteristics of the subject effects that are of crucial
importance with regard to the determination of which might reasonably be viewed as constitu-
ting "adverse health effects" in affected human populations.

Criteria for Defining Adverse Health Effects. Over the years, there have been super-
imposed on the continuum of lead-induced biological effects various judgments as to which
specific effects observed in man constitute "adverse health effects". Such judgments not only
involved medical consensus regarding the health significance of particular effects and their
clinical management, but also incorporate societal value judgments. Such societal value judg-
ments often vary depending upon the specific overall contexts to which they are applied, e.g.,
in judging permissible exposure levels for occupational versus general population exposures to
lead. For some lead exposure effects, e.g., severe nervous system damage resulting in death
or serious medical sequelae consequent to intense lead exposure, there exists little or no
disagreement as to these being significant "adverse health effects." For many other effects
detectable at sequentially lower levels of lead exposure, however, the demarcation lines as to
which effects represent adverse health effects and the lead exposure levels at which they are
accepted as occurring are neither sharp nor fixed, having changed markedly during the past
several decades. That is, from an historical perspective, levels of lead exposure deemed to
be acceptable for either occupationally-exposed persons or the general population have been
steadily revised downward as more sophisticated biomedical techniques have revealed formerly
unrecognized biological effects and concern has increased in regard to the medical and social
significance of such effects.

It is difficult to provide a definitive statement of all criteria by which specific bio-
logical effects associated with any given agent can be judged to be "adverse health effects."
Nevertheless, several criteria are currently well-accepted as helping to define which effects
should be viewed as "adverse." These include the following: (1) impaired normal functioning
of a specific tissue or organ system itself; (2) reduced reserve capacity of that tissue or
organ system in dealing with stress due to other causative agents; (3) the reversibility/
irreversibility of the particular effect(s); (4) the relative frequency of a given effect; (5)
the presence of the effect in a vulnerable segment of the population; and (6) the cumulative
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or aggregate impact of various effects on individual organ systems on the overall functioning
and well-being of the individual.

Examples of possible uses of such criteria in evaluating lead effects can be cited for
illustrative purposes. For example, impairment of heme synthesis intensifies with increasing
lead exposure until hemoprotein synthesis is inhibited in many organ systems, leading to re-
ductions in such functions as oxygen transport, cellular energetics, neurotransmitter func-
tions, detoxification of xenobiotic agents, and biosynthesis of important substances such as
1,25-dihydroxyvitamin D. In Figure 1-22, the far-ranging impact of lead on the body heme pool
and associated disruption of many physiological processes is depicted, based on data discussed
in Sections 12.2 and 12.3. Furthermore, inspection of Figure 1-22 reveals effects that can be
viewed as intrinsically adverse, as well as those that reduce the body's ability to cope with
other forms of toxic stress, e.g., reduced hepatic detoxification of many types of xenobiotics
and, possibly, impairment of the immune system. The hepatic effect can also be cited as an
example of reduced reserve capacity pertinent to consideration of the effects of lead, as the
reduced capacity of the liver to detoxify certain drugs or other xenobiotic agents results
from lead effects on hepatic detoxification enzyme systems.

In regard to the issue of reversibility/irreversibility of lead effects, there are really
two dimensions to the issue that need to be considered, i.e.: (1) the biological reversibility
or irreversibility characteristic of the particular effect in a given organism; and (2) the
generally less-recognized concept of exposure reversibility or irreversibility. Severe
central nervous system damage resulting from intense, high level lead exposure is generally
accepted as an irreversible effect of lead exposure; however, the reversibility/irreversibi-
lity of certain more difficult-to-detect neurological effects occurring at lower lead exposure
levels, remains a matter of some controversy. The concept of exposure reversibility/irrever-
sibility can be illustrated by the case of urban children of low socioecomomic status showing
disturbances in heme biosynthesis and erythropoiesis. Biologically, these various effects may
be considered reversible; the extent to which actual reversibility occurs, however, is deter-
mined by the feasibility of removing these subjects from their particular lead exposure set-
ting. If such removal from exposure is unlikely or does not occur, then such effects will
logically persist and, de facto, constitute essentially irreversible effects.

The issues of frequency of effects and vulnerable segments of the population in whom
these effects occur are intimately related. As discussed later in Section 1.13.6, young chil-
dren—particularly inner city children—constitute a high risk group because they do show a
high frequency of certain health effects as summarized below.

Dose-Effect Relationships for Human Adults. The lowest observed effect levels (in terms
of blood lead concentrations) thus far credibly associated with particular health effects of
concern for human adults in relation to specific organ systems or generalized physiological
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Figure 1-22. Multi-organ impact of reductions of heme body pool by lead. Impairment of heme
synthesis by lead (see Section 12.3) results in disruption of a wide variety of important physio-
logical processes in many organs and tissues. Particularly well documented are erythropoietic,
neural, renal-endocrine, and hepatic effects indicated above by solid arrows (—»•). Plausible
further consequences of heme synthesis interference by lead which remain to be more conclu-
sively established are indicated by dashed arrows (-—^-).
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processes, e.g., heme synthesis, are summarized in Table 1-16. That table should be viewed as
representing lowest blood lead levels thus far credibly associated with unacceptable risk for
a given effect occurring among at least some adults. As such, many other individuals may not
experience the stated effect until distinctly higher blood lead levels are reached due to wide
ranges of individual biological susceptibility, variations in nutritional status, and other
factors.

The most serious effects associated with markedly elevated blood lead levels are severe
neurotoxic effects that include irreversible brain damage, as indexed by the occurrence of
acute or chronic encephalopathic symptoms observed in both humans and experimental animals.
For most human adults, such damage typically does not occur until blood lead levels exceed
100-120 ug/dl. Often associated with encephalopathic symptoms at these or higher blood lead
levels are severe gastrointestinal symptoms and objective signs of effects on several other
organ systems. Precise threshold(s) for occurrence of overt neurological and gastrointestinal
signs and symptoms of lead exposure in cases of subencephalopathic lead intoxication remain to
be established, but such effects have been observed in adult lead workers at blood lead levels
as low as 40-60 ug/dl, notably lower than levels earlier thought to be "safe" for adult lead
exposure. Other types of health effects occur coincident with the above overt neurological
and gastrointestinal symptoms indicative of marked lead intoxication. These range from frank
peripheral neuropathies to chronic nephropathy and anemia.

Toward the lower range of blood lead levels associated with overt lead intoxication or
somewhat below, less severe but important signs of impairment in normal physiological func-
tioning in several organ systems are evident among apparently asymptomatic lead-exposed
adults, including the following: (1) slowed nerve conduction velocities indicative of peri-
pheral nerve dysfunction (at levels as low as 30-40 ug/dl); (2) altered testicular function
(at 40-50 ug/dl); and (3) reduced hemoglobin production (at approximately 50 ug/dl) and other
signs of impaired heme synthesis evident at still-lower blood lead levels. All of these ef-
fects point toward a generalized impairment of normal physiological functioning across several
different organ systems, which becomes abundantly evident as adult blood lead levels exceed
30-40 ug/dl. Evidence for impaired heme synthesis effects in blood cells exists at still
lower blood lead levels in adults, as does evidence for elevated blood pressure in middle-aged
white males (aged 40-59); the significance of this and evidence of impairment of other bio-
chemical processes important in cellular energetics are discussed below in relation to
children.

Dose-Effect Relationships for Children. Table 1-17 summarizes lowest observed effect
levels for a variety of important health effects observed in children. Again, as for adults,
it can be seen that lead impacts many different organ systems and biochemical/physiological
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TABLE 1-16. SUMMRY OF LOWEST OBSERVED EFFECT I f V t l S FOR KEY LEAD-INDUCED HEALTH EFFECTS IN ADULTS

Lowest observed » Heme synthesis and
effect level (PbB) hematological effects

100-120 ug/dl

80 ug/dl Frank anemia

60 ug/dl

50 |ig/dl Reduced hemoglobin
production

40 ug/dl Increased urinary ALA and
elevated coproporphyrins

Neurological Effects on Reproductive Cardiovascular
effects the kidney function effects effects

Encephalopathic signs Chronic
and symptoms nephropathy

T
Overt subencephalopathic

neurological symptoms

Peripheral nerve dysfunction
(slowed nerve conduction)

Female reproductive
effects

Altered testicular
function

J.

30 (ig/dl

25-30

15-20 ug/dl

Erythrocyte protoporphyrin
(EP) elevation in males

Erythrocyte protoporphyrin
(EP) elevation in females

ALA-D inhibition

PbB = blood lead concentrations.

Source: This report.

Elevated blood
pressure

(White males.)
aged 40-59



TABLE 1-17. SUMMARY OF LOWEST OBSERVED EFFECT LEVELS FOR KEY LEAD-INDUCED HEALTH EFFECTS IN CHILDREN

lowest observed
effect level (PbB)a

80-100 |ig/dl

70 ug/dl

60 ug/dl

SO ug/dl

Hem* synthesis and
Hewalo logical effects

Frank anemia

Neurological
effects

Encephalopathic
signs and symptoms

Peripheral neuropathies

|

Renal system
effects

Chronic nephropathy
(aminoaciduria, etc.)

Gastrointestinal
effects

Colic, other overt
gastrointestinal symptoms

1

30 ug/dt

IS ug/dl

10 ug/dl

Reduced hemoglobin
synthesis

Elevated coproporphyrin

Increased urinary ALA

Erythrocyte protoporphyin
elevation

ALA-D inhibition
I

Py-5-N activity
inhibition 0

Peripheral nerve dysfunction
(slowed NCV's)

CNS cognitive effects
(IQ deficits, etc.)

Altered CNSIelectrophystological
responses

Vitamin D metabolism
interference

JTbB = blood lead concentrations.
Py-5-N ~- pyriMidlne-S'-nucleotidase.

Source: This report.



processes across a wide range of exposure levels. Also, again, the most serious of these
effects is the severe, irreversible central nervous system damage manifested in terms of
encephalopathic signs and symptoms. In children, effective blood lead levels for producing
encephalopathy or death are lower than for adults, starting at approximately 80-100 ug/dl.
Permanent severe mental retardation and other marked neurological deficits are among lasting
neurological sequelae typically seen in cases of non-fatal childhood lead encephalopathy.
Other overt neurological signs and symptoms of subencephalopathic lead intoxication are evi-
dent in children at lower blood lead levels (e.g., peripheral neuropathies have been detected
in some children at levels as low as 40-60 ug/dl). Chronic nephropathy, indexed by amino-
aciduria, is most evident at high exposure levels producing blood lead levels over 100 ug/dl,
but may also exist at lower levels (e.g., 70-80 ug/dl). In addition, colic and other overt
gastrointestinal symptoms clearly occur at similar or still lower blood lead levels in chil-
dren, at least down to 60 ug/dl. Frank anemia is also evident by 70 ug/dl, representing an
extreme manifestation of reduced hemoglobin synthesis observed at blood lead levels as low as
40 ug/dl, along with other signs of marked heme synthesis inhibition at that exposure level.
All of these effects are reflective of the widespread marked impact of lead on the normal
physiological functioning of many different organ systems and some are evident in children at
blood lead levels as low as 40 ug/dl. All of these effects are widely accepted as clearly
adverse health effects.

Additional studies demonstrate evidence for further, important health effects occurring
in non-overtly lead-intoxicated children at similar or lower blood lead levels than those
indicated above for overt intoxication effects. Among the most important of the effects dis-
cussed in Chapter 12 are neuropsychological and electrophysiological effects evaluated as
being associated with low-level lead exposures in non-overtly lead-intoxicated children.
Indications of peripheral nerve dysfunction, indexed by slowed nerve conduction velocities
(NCV), have been shown in children down to blood lead levels as low as 30 ug/dl. As for CNS
effects, none of the available studies on the subject, individually, can be said to prove con-
clusively that significant cognitive (IQ) or behavioral effects occur in children at blood
lead levels <30 ug/dl. However, the most recent neurobehavioral studies of CNS cognitive (IQ)
effects collectively demonstrate associations between neuropsychologic deficits and low-level
lead exposures in young children resulting in blood lead levels ranging to below 30 ug/dl.
The magnitudes of average observed IQ deficits generally appear to be approximately 5 points
at mean blood lead levels of 50-70 ug/dl > about 4 points at mean blood lead levels of 30-50
ug/dl, and 1-2 points at mean blood lead levels of 15-30 ug/dl. Somewhat larger decrements
have been reported for the latter blood lead range among children of lower socioeconomic
status families.
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Additional recent studies have obtained results at blood lead values mainly in the 15-30
ug/dl range indicative of small, but not unimportant, effects of lead on the ability to focus
attention, appropriate social behavior, and other types of behavioral performance. However,
due to specific methodological problems with each of these various studies (as noted in
Chapter 12), much caution is warranted that precludes conclusive acceptance of the observed
effects being due to lead rather than other (at times uncontrolled for) potentially confound-
ing variables. This caution is particularly warranted in view of other well-conducted studies
that have appeared in the literature which did not find statistically significant associations
between lead and similar effects at blood lead levels below 30 ug/dl. Still, because such
latter studies even found some small effects remaining after correction for confounding
factors, lead cannot be ruled out as an etiological factor contributing to the induction of
such effects in the 15-30 ug/dl range, based on existing published studies.

Also of considerable importance are studies which provide evidence of changes in EEG
brain wave patterns and CMS evoked potential responses in non-overtly lead intoxicated chil-
dren. The work of Burchfiel et al. (1980) indicates significant associations between IQ de-
crements, EEG pattern changes, and lead exposures among children with average blood lead
levels falling in the range of 30-50 ug/dl. Research results provided by Otto et al. (1981,
1982, 1983) also demonstrate clear, statistically significant associations between electrophy-
siological (SW voltage) .changes and blood lead levels in the range of 30-55 ug/dl and analo-
gous associations at blood lead levels below 30 pg/dl (with no evident threshold down to 15
ug/dl or somewhat lower). In this case, the presence of electrophysiological changes observed
upon follow-up of some of the same children two years and five years later suggests persis-
tence of such effects even in the face of later declines in blood lead levels and, therefore,
possible long-term persistence of the observed electrophysiological CNS changes. However, the
reported electrophysiological effects in this case were not found to be significantly associ-
ated with IQ decrements.

While the precise medical or health significance of the neuropsychological and electro-
physiological effects found by the above studies to be associated with low-level lead expo-
sures is difficult to fully define at this time, the IQ deficits and other behavioral changes
likely impact the intellectual development, school performance, and social development of the
affected children sufficiently so as to be regarded as adverse. This is especially true if
such impaired intellectual development or school performance and disrupted social development
are reflective of persisting, long-term effects of low-level lead exposure in early childhood.
The issue of persistence of such lead effects still remains to be more clearly resolved, with
some study results reviewed in Chapter 12 and mentioned above suggesting relatively short-
lived or markedly decreasing lead effects on neuropsychological functions over a few years
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from early to later childhood and other studies suggesting that significant low-level lead-
induced neurobehavioral and EEG effects may, in fact, persist into later childhood. Despite
any remaining ambiguities of the above type, however, the medical community has highlighted
(CDC, 1985) lead-induced neurobehavioral effects (e.g., IQ deficits and other neuropsychologic
effects) as one basis for viewing pediatric blood lead levels below 25-30 ug/dl as being asso-
ciated with unacceptable risk for lead-induced toxicity.

In regard to additional studies reviewed in Chapter 12 concerning the neurotoxicity of
lead, certain evidence exists which suggests that neurotoxic effects may be associated with
lead-induced alterations in heme synthesis, resulting in an accumulation of ALA in brain which
affects CNS GABA synthesis, binding, and/or inactivation by neuronal reuptake after synaptic
release. Also, available experimental data suggest that these effects may have functional
significance in the terms of this constituting one mechanism by which lead may increase the
sensitivity of rats to drug-induced seizures and, possibly, by which GABA-related behavioral
or physiological control functions are disrupted. Unfortunately, the available research data
do not allow credible direct estimates of blood lead levels at which such effects might occur
in rats, other non-human mammalian species, or man. Inferentially, however, one can state
that threshold levels for any marked lead-induced ALA impact on CNS GABA mechanisms are most
probably at least as high as blood lead levels at which significant accumulations of ALA have
been detected in erythrocytes or non-blood soft tissues (see below). Regardless of any dose-
effect levels inferred, though, the functional and/or medical significance of lead-induced ALA
effects on CNS mechanisms at low levels of lead exposure remains to be more fully determined
and cannot, at this time, be unequivocably seen as an adverse health effect.

Research concerning lead-induced effects on heme synthesis also provides information of
importance in evaluating what blood lead levels are associated with significant health effects
in children. As discussed earlier, in Chapter 12 and Section 13.4, lead affects heme synthe-
sis at several points in its metabolic pathway, with consequent impact on the normal function-
ing of many body tissues. The activity of the enzyme ALA-S, catalyzing the rate-limiting step
of heme synthesis, does not appear to be significantly affected until blood lead levels reach
or exceed approximately 40 ug/dl. The enzyme ALA-D, which catalizes the conversion of ALA to
porphobilinogen as a further step in the heme biosynthetic pathway, appears to be affected at
much lower blood lead levels as indexed directly by observations of ALA-D inhibition or in-
directly in terms of consequent accumulations of ALA in blood and non-blood tissues. More
specifically, inhibition of erythrocyte ALA-0 activity has been observed in humans and other
mammalian species at blood lead levels even below 10-15 ug/dl, with no clear threshold evi-
dent. Correlations between erythrocyte and hepatic ALA-0 activity inhibition in lead workers
at blood lead levels in the range of 12-56 ug/dl suggest that ALA-D activity in soft tissues
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(e.g., brain, liver, kidney, etc.) may be inhibited at similar blood lead levels at which ery-
throcyte ALA-0 activity inhibition occurs, resulting in accumulations of ALA in both blood and
soft tissues.

Some studies indicate that increases in both blood and urinary ALA occur below the cur-
rent commonly-accepted blood lead level of 40 ug/dl. Such increases in blood and urinary ALA
are detectable in humans at blood lead levels below 30 ug/dl, with no clear threshold evident
down to 15-20 ug/dl, although other data exist which fail to show any relationship below 40
ug/dl blood lead. Other studies have demonstrated significant elevations in rat brain,
spleen, and kidney ALA levels consequent to acute or chronic lead exposure, but no clear blood
lead levels can yet be specified at which such non-blood tissue ALA increases occur in humans.
It is reasonable to assume, however, that ALA increases in non-blood tissues likely begin to
occur at roughly the same blood lead levels associated with increases in erythrocyte ALA
levels.

Lead also affects heme synthesis beyond metabolic steps involving ALA, leading to the
accumulation of porphyrin in erythrocytes as the result of impaired iron insertion into the
porphyrin moiety to form heme. The porphyrin acquires a zinc ion in lieu of the native iron,
and the resulting accumulation of blood zinc protoporphyrin (ZPP) tightly bound to erythro-
cytes for their entire life (120 days) represents a commonly employed index of lead exposure
for medical screening purposes. The threshold for elevation of erythrocyte protoporphyrin
(EP) levels is well-established as being 25-30 ug/dl in adults and approximately 15 ug/dl for
young children, with significant EP elevations (>l-2 standard deviations above reference nor-
mal EP mean levels) occurring in 50 percent of all children studied as blood lead approaches
or moderately exceeds 30 ug/dl.

Medically, small increases in EP levels were previously not viewed as being of great
concern at initial detection levels around 15-20 yg/dl in children. However, EP increases
become more worrisome when markedly greater, significant elevations occur as blood lead levels
reach 20 to 30 ug/dl and additional signs of significantly deranged heme synthesis begin to
appear, along with indications of functional disruption of various organ systems. Previously,
such other signs of significant organ system functional disruptions had only been credibly
detected at blood lead levels distinctly in excess of 30 ug/dl, e.g., inhibition of hemoglobin
synthesis starting at 40 ug/dl and significant nervous system effects at 50-60 ug/dl. This
served as a basis for CDC's 1978 statement establishing 30 ug/dl blood lead as a criteria
level for undue lead exposure for young children. At the present time, however, the medical
community (CDC, 1985) accepts EP elevations associated with PbB levels of 25 ug/dl or higher
as being unacceptable in pediatric populations.
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Recently, it has also been demonstrated in children that lead is negatively correlated
with circulating levels of the vitamin D hormone, 1,25-dihydroxyvitamin D, with the negative
association existing down to 12 ug/dl of blood lead. This effect of lead is of considerable
significance on two counts: (1) altered levels of l,25-(OH)2-vitamin 0 not only impact cal-
cium homeostasis (affecting mineral metabolism, calcium as a second messenger, and calcium as
a mediator of cyclic nucleotide metabolism), but also likely impact Its known role in immuno-
regulation and mediation of tumorigenesis; and (2) the effect of lead on l,25-(OH)2-vitamin 0
is a particularly robust one, with blood lead levels of 30-50 ug/dl resulting in decreases in
the hormone that overlap comparable degrees of decrease seen in severe kidney injury or cer-
tain genetic diseases.

Erythrocyte Py-5-N activity in children has also been demonstrated to be negatively im-
pacted by lead at exposures resulting in blood lead levels markedly below 30 ug/dl (i.e., to
levels below 5 yg/dl with no evident threshold). Extensive reserve capacity exists for this
blood enzyme, such that it is not markedly depleted until blood lead levels reach approximate-
ly 30-40 ug/dl, arguing for the Py-5-N effect in and of itself as perhaps not being particu-
larly adverse until such blood lead levels are reached. However, the observation of Py-5-N
inhibition is a better indicator of more widespread impacts on pyrimidine metabolism in
general in additional organs and tissues besides blood, such that lead exposures lower than 30
ug/dl resulting in measurable Py-5-N inhibition in erythrocytes may be of greater medical con-
cern when viewed from this broader perspective.

Also adding to the concern about relatively low lead exposure levels are the results of
an expanding array of animal toxicology studies which demonstrate: (1) the persistence of
lead-induced neurobehavioral alterations well into adulthood long after termination of peri-
natal lead exposure early in development of several mammalian species; (2) evidence for uptake
and retention of lead in neural and non-neuronal elements of the CNS, including long-term
persistence in brain tissues after termination of external lead exposure and blood lead levels
return to "normal"; and (3) evidence from various ir\ vivo and jji vitro studies indicating
that, at least on a subcellular-molecular level, no threshold may exist for certain neuro-
chemical effects of lead.

Given the above new evidence that is now available, indicative of significant lead ef-
fects on nervous system functioning and other important physiological processes as blood lead
levels increase above 15-20 ug/dl and reach 20 to 30 ug/dl, the rationale for considering 30
ug/dl as a "maximum safe" blood lead, level (as was the case in setting the 1978 EPA lead
NAAQS) was called into question and substantial impetus provided for revising the criteria
level downward. At this time, it is difficult to identify specifically what blood lead
criteria level would be appropriate in view of the existing medical information. Clearly,
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however, 30 ug/dl does not afford any margin of safety before blood lead levels are reached
that are associated with unacceptable risk of notable adverse health effects occurring in some
children. This is based on at least two grounds: (1) blood lead levels in the 30-40 ug/dl
range are now known to "mask", for some children, markedly elevated chelatable body lead
burdens that are comparable to lead burdens seen in other children displaying overt signs and
symptoms of lead intoxication and (2) blood lead levels in the 30-40 ug/dl range are also
associated with the onset of deleterious effects in several organ systems which are either
individually or collectively seen as being adverse. These and other considerations have led
the medical community (CDC, 1985) to define 25 ug/dl PbB as a level associated with unaccept-
able risk for pediatric lead toxicity.

At levels below 25-30 ug/dl, many of the different smaller effects reported as being
associated with lead exposure might be argued as separately not being of clear medical signi-
ficance, although each are indicative of interference by lead with normal physiological pro-
cesses. On the other hand, the collective impact of all of the observed effects (representing
potentially impaired functioning and depleted reserve capacities of many different tissues and
organs) can, at some point distinctly below 25-30 ug/dl , be seen as representing an adverse
pattern of effects worthy of avoidance with some added margin of safety. The onset of signs
of detectable heme synthesis impairment in many different organ systems at blood lead levels
starting around JO- 15 ug/dl , along with indications of increasing degrees of pyrimidine meta-
bolism interference and signs of altered nervous system activity, could be viewed as such a
point. Or, alternatively, the collective impact of such effects might be argued as becoming
sufficiently adverse to warrant avoidance (with a margin of safety) only when the various
effects come to represent marked deviations from normal as blood lead levels exceed 20-25

The frequency of occurrence of various effects among individual, affected children at
various blood lead levels may have important beariTig on the ultimate resolution of the above
issue regarding the definition of blood lead levels associated with adverse health effects in
pediatric populations. The porportion of children likely affected (i.e., "responders") in
terms of experiencing particular types of effects at various lead levels is also an important
consideration. Some information bearing on this latter point is discussed next.

1.13.5 Dose-Response Relationships for Lead Effects in Human Populations
Information summarized in the preceding section dealt with the various biological effects

of lead germane to the general population and included comments about the various levels of
blood lead observed to be associated with the measurable onset of these effects in various
population groups.
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As indicated above, inhibition of ALA-D activity by lead occurs at virtually all blood
lead levels measured in subjects residing in industrialized countries. If any threshold for
ALA-D inhibition exists, it lies somewhere below 10 ug Pb/dl in blood lead. Also, statis-
tically significant reduction in hemoglobin production occurs at a lower blood lead level in
children (40 ug/dl) than in adults (50 uQ/dl).

Elevation in erythrocyte protoporphyrin for a given blood lead level is greater in chil-
dren and women than in adult males, children being somewhat more sensitive than women. The
current threshold for detectable EP elevation in terms of blood lead levels for children was
estimated at approximately 16-17 ug/dl in the recent studies of Piomelli et al. (1982). In
adult males, the corresponding blood lead value is 25-30 ug/dl.

Coproporphyrin elevation in urine first occurs at a blood lead level of 40 M9/dl and this
threshold appears to apply for both children and adults. It also appears that urinary ALA
shows a correlation with blood lead levels to below 40 ug/dl, but since there is no clear
agreement as to the meaning of elevated ALA-U below 40 ug/dl, this value is taken as the
threshold for pronounced excretion of ALA into urine. This value appears to apply to both
children and adults. Whether this blood lead level represents a threshold for the potential
neurotoxicity of circulating ALA cannot now be stated and requires further study.

A number of investigators have attempted to quantify more precisely dose-population
response relationships for some of the above lead effects in human populations. That is, they
have attempted to define the proportion of a population exhibiting a particular effect at a
given blood lead level. To date, such efforts at defining dose-response relationships for
lead effects have been mainly limited to the following effects of lead on heme biosynthesis:
inhibition of ALA-D activity; elevation of EP; and urinary excretion of ALA.

Dose-population response relationships for EP in children have been analyzed in detail by
Piomelli et al. (1982) and the corresponding plot at 2 levels of elevation (>1 S.D., >2 S.D.)
is shown in Figure 1-23 using probit analysis. It can be seen that blood lead levels in half
of the children showing EP elevations at >1 and 2 S.D.'s closely bracket the blood lead level
taken as the high end of "normal" (i.e., 30 ug/dl). Dose-response curves for adult men and
women as well as children prepared by Roels et al. (1976) are set forth in Figure 1-24. In
Figure 1-24, it may be seen that the dose-response for children remains greater across the
blood lead range studied, followed by women, then adult males.

Figure 1-25 presents dose-population response data for urinary ALA exceeding two levels
(at mean + 1 S.D. and mean + 2 S.D.), as calculated by EPA from the data of Azar et al.
(1975). The percentages of the study populations exceeding the corresponding cut-off levels
as calculated by EPA for the Azar data are set forth in Table 1-18. It should be noted that
the measurement of ALA in the Azar et al. study did not account for aminoacetone, which may
influence the results observed at the lowest blood lead levels.
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1.13.6 Populations at Risk
Population at risk is a segment of a defined population exhibiting characteristics asso-

ciated with significantly higher probability of developing a condition, illness, or other ab-
normal status. This high risk may result from either (1) greater inherent susceptibility or
(2) exposure situations peculiar to that group. What is meant by inherent susceptibility is a
host characteristic or status that predisposes the host to a greater risk of heightened
response to an external stimulus or agent.

In regard to lead, three such populations are definable: they are preschool age children
(S6 years old), especially those living in urban settings, pregnant women, and white males
aged 40-59, although the evidence concerning this latter group is much more limited than that
for the other two. Children are such a population for both of the reasons stated above,
whereas pregnant women are at risk primarily due to the inherent susceptibility of the concep-
tus. Also, for reasons not as yet fully understood, the limited information available indi-
cates that middle-aged white males appear to be differentially more at risk for manifesting
elevations in blood pressure in response to lead exposure (see the Addendum to this document
for a complete discussion of the evidence supporting this).

Children as a Population at Risk. Children are developing and growing organisms exhibi-
ting certain differences from adults in terms of basic physiologic mechanisms, capability of
coping with physiologic stress, and their relative metabolism of lead. Also, the behavior of
children frequently places them in different relationship to sources of lead in the environ-
ment, thereby enhancing' the opportunity for them to absorb lead. Furthermore, the occurrence
of excessive exposure often is not realized until serious harm is done. Young children do not
readily communicate a medical history of lead exposure, the early signs of such being common
to so many other disease states that lead is frequently not recognized early on as a possible
etiological factor contributing to the manifestation of other symptoms.

Discussion of the physiological vulnerability of the young must address two discrete
areas. Not only should the basic physiological differences be considered that one would
expect to predispose children to a heightened vulnerability to lead, but also the actual
clinical evidence must be considered that shows such vulnerability does indeed exist.

In Chapter 10 and Section 1.13.2 above, differences in relative exposure to lead and body
handling of lead for children versus adults are noted. The significant elements of difference
include the following: (1) greater intake of lead by infants and young children into the re-
spiratory and gastrointestinal (GI) tracts on a body weight basis compared to adults; (2)
greater absorption and retention rates of lead in children; (3) much greater prevalence of
nutrient deficiency in the case of nutrients which affect lead absorption rates from the GI
tract; (4) differences in certain habits, i.e., normal hand-to-mouth activity as well as pica
resulting in the transfer of lead-contaminated dust and dirt to the GI tract; (5) differences
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in the efficiency of lead sequestration in the bones of children, such that not only is less
of the body burden of lead in bone at any given time, but the amount present may be relatively
more labile. Additional information discussed in Chapter 12 suggests that the blood-brain
barrier in children is less developed, posing the risk for greater entry of lead into the
nervous system.

Hematological and neurological effects in children have been demonstrated to have lower
thresholds in terms of blood lead levels than in adults. Similarly, reduced hemoglobin pro-
duction and EP accumulation occur at relatively lower exposure levels in children than in
adults, as indexed by blood lead thresholds. With reference to neurologic effects, the onset
of encephalopathy and other injury to the nervous system appears to vary both regarding likely
lower thresholds in children for some effects and in the typical pattern of neurologic effects
presented, e.g., in encephalopathy or other CMS deficits being more common in children versus
peripheral neuropathy being more often seen in adults. Not only are the effects more acute in
children than in adults, but also the neurologic sequelae are usually much more severe in
children.

The dietary habits of children as well as the diets themselves differ markedly from
adults and, as a result, place children in a different relationship to several sources of
lead. The dominance of canned milk and processed baby food in the diet of many young children
is an important factor in assessing their exposure to lead, since both those foodstuffs have
been shown to contain higher amounts of lead than components of the adult diet. The impor-
tance of these lead sources is not their relationship to airborne lead directly but, rather,
their role in providing a higher baseline lead burden to which the airborne contribution is
added.

Children ordinarily undergo a stage of development in which they exhibit normal mouthing
behavior, as manifested, for example, in the form of thumbsucking. At this time they are at
risk for picking up lead-contaminated soil and dust on their hands and hence into their mouths
where it can be absorbed.

There is, however, an abnormal extension of mouthing behavior, called pica, which occurs
in some children. Although diagnosis of this is difficult, children who exhibit this trait
have been shown to purposefully eat nonfood items. Much of the lead poisoning due to lead-
based paint is known to occur because children actively ingest chips of leaded paint.

Pregnant Women and the Conceptus as a Population at Risk. There are some rather incon-
culsive data indicating that women may in general be at somewhat higher risk to lead than men.
However, pregnant women and their concepti as a subgroup are demonstrably at higher risk. It
should be noted that, in fact, it really is not the pregnant woman per se who is at greatest
risk but, rather, the unborn child she is carrying. Because of obstetric complications, how-
ever, the mother herself can also be at somewhat greater risk at the time of delivery of her
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child. With reference to maternal complication at delivery, information in the literature
suggests that the incidence of preterm delivery and premature membrane rupture relates to
maternal blood lead level. Further study of this relationship as well as studies relating to
discrete health effects in the newborn are needed.

Vulnerability of the developing fetus to lead exposure arising from transplacental trans-
fer of maternal lead is discussed in Chapter 10. This process starts at the end of the first
trimester. Umbilical cord blood studies involving mother-infant pairs have repeatedly shown a
correlation between maternal and fetal blood lead levels.

Further suggestive evidence, cited in Chapter 12, has been advanced for prenatal lead
exposures of fetuses possibly leading to later higher instances of postnatal mental retarda-
tion among the affected offspring. The available data are insufficient to state with any cer-
tainty that such effects occur or to determine with any precision what levels of lead exposure
might be required prior to or during pregnancy in order to produce such effects.

Studies have demonstrated that women in general, like children, tend to show a heightened
response of erythorcyte protoporphyrin levels upon exposure to lead. The exact reason for
this heightened response is not known but may relate to endocrine differences between men and
women.

Middle-Aged White Males (Aged 40-59) as a Population at Risk
Recently-emerging epidemiological evidence indicates that increased blood pressure is

associated with blood lead concentrations ranging from >30-40 ug/dl down to blood lead levels
possibly as low as 7 ug/dl. This relationship appears to be particularly significant for
middle-aged white males (aged 40-59), although a considerable degree of uncertainty surrounds
the statistical analyses of the studies giving rise to this conclusion. A detailed critique
of the various analyses which have been performed on the available epidemiological studies
concerning the blood lead/blood pressure relationship, as well as a discussion of the plaus-
ible biological mechanisms underlying this relationship, are presented in Section 1 of the
Addendum to this document.

The specific magnitudes of risk obtained for serious cardiovascular outcomes in relation
to lead exposure, estimated on the basis of lead-induced blood pressure increase, depends
crucially upon the size of the coefficients estimated for the blood lead/blood pressure asso-
ciation. Given the fact that significant uncertainty exists in regard to the most appropriate
blood-lead blood-pressure coefficient(s) to use in attempting to project serious cardiovas-
cular outcomes, the further analysis of additional large-scale epidemiological data sets will
be necessary in order to resolve more precisely the quantitative relationship(s) between blood
lead and blood pressure. It is possible, however, to identify at this time the population
subgroup of middle-aged white males (aged 40-59) as being yet another group at general risk in
terms of manifesting notable health effects in response to lead exposure.

1-156



Description of the United States Population in Relation to Potential Lead Exposure Risk.
In this section, estimates are provided of the number of individuals in those segments of the
population which have been defined as being potentially at greatest risk for lead exposures.
These segments include preschool children (up to 6 years of age), especially those living in
urban settings, women of child-bearing age (defined here as ages 15-44), and white males, aged
40-59. These data, which are presented below in Table 1-19, were obtained from a provisional
report by the U.S. Bureau of the Census (1984). Data from the 1980 Census indicates that
approximately 61 percent of the populace lives in urban areas (defined as central cities and
urban fringe). Assuming that the 61 percent estimate for urban residents also applies to
children of preschool age, then approximately 15,495,000 children of the total listed in Table
1-19 would be expected to be at greater risk by virtue of higher lead exposures generally
associated with their living in urban versus non-urban settings. (NOTE: The age distribution
of the percentage of urban residents may vary between SMSA's.)

The risk encountered with exposure to lead may be compounded by nutritional deficits (see
Chapter 10). The most commonly seen deficit is iron deficiency, especially in young children
less than 5 years of age (Mahaffey and Michaelson, 1980). Data available from the National
Center for Health Statistics for 1976-1980 (Fulwood et al., 1982) indicate that from 8 to 22
percent of children aged 3-5 may exhibit iron deficiency, depending upon whether this condi-
tion is defined as serum iron concentration (<40 ug/dl) or as transferrin saturation (<16
percent), respectively. Hence, of the 22,029,000 children £5 years of age (Table 1-19), as
many as 4,846,000 would be expected to be at increased risk, depending on their exposure to
lead, due to iron deficiency.

As pointed out in the preceding section, the risk to pregnant women is mainly due to risk
to the conceptus. By dividing the total number of women of child-bearing age in 1984
(56,602,000) into the total number of live births in 1984 (3,697,000; National Center for
Health Statistics, 1985), it may be seen that approximately 7 percent of this segment of the
population may be at increased risk at any given time.

As for white males, aged 40-59, defined as being at risk notably for increased blood
pressure in association with elevated blood lead levels, approximately 20 million individuals
can be estimated to be at potential risk based on the 1980 Census data.
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TABLE 1-19. PROVISIONAL ESTIMATE OF THE NUMBER OF INDIVIDUALS IN URBAN AND
RURAL POPULATION SEGMENTS AT GREATEST POTENTIAL RISK TO LEAD EXPOSURE

Population segment

Preschool children

Total

Women of
child-bearing age

Total

White males

Total

Actual age,
(yr)
0-4
5
6

15-19
20-24
25-29
30-34
35-39
40-44

40-44
45-49
50-54
55-59

Total number in U.S.
population
(1984)

18,453,000
3,576,000
3,374,000
25,403,000

9,019,000
10,481,000
10,869,000
10,014,000
9,040,000
7,179,000
56,602,000

6,064,000
4,960,000
4,600,000
4,760,000
20,384,000

Urban
population*

11,256,000
2,181,000
2,058,000
15,495,000

5,502,000
6,393,000
6,630,000
6,109,000 -
5,514,000
4,379,000
34,527,000

3,699,000
3,026,000
2,806,000
2,904,000
12,435,000

*An urban/total ratio of 0.61 was used for all age groups. "Urban" includes central city
and urban fringe populations (U.S. Bureau of the Census, 19'83).

Source: U.S. Bureau of the Census (1984), Table 6.

1.13.7 Summary and Conclusions
Among the most significant pieces of information and conclusions that emerge from the

present human health risk evaluation are the following:

(1) Anthropogenic activity has clearly led to vast increases of lead input into
those environmental compartments which serve as media (e.g., air, water, food,
dust, and soil, etc.) by which significant human exposure to lead occurs. Cur-
rent blood levels of populations in industrialized societies best reflect this
impact of man's activities, such lead levels being many fold higher than blood
lead levels found in contemporary populations remote from industrial activi-
ties.
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(2) Emission of lead into the atmosphere, especially through leaded gasoline com-
bustion, is of major significance in terms of both the movement of lead to
other environmental compartments and the relative impact of such emissions on
the internal lead burdens in industrialized human populations. By means of
both mathematical modeling of available clinical/epidemiological data by EPA
and the isotopic tracing of lead from gasoline to the atmosphere to human blood
of exposed populations, the size of atmospheric lead contribution to human
blood lead levels in industrialized areas is estimated to be 25-50 percent.

(3) Given this magnitude of relative contribution to human external and internal
exposure, reduction in levels of atmospheric lead would then result in signifi-
cant widespread reductions in levels of lead in human blood (an outcome which
is supported by careful analysis of the NHANES II study data). Reduction of
lead in food (added in the course of harvesting, transport, and processing)
would also be expected to produce significant widespread reductions in human
blood lead levels in the United States, as would efforts to decrease the num-
bers of American children residing in housing with interior or exterior lead-
based paint.

(4) A number of adverse effects in humans and other species are clearly associated
with lead exposure and, from an historical perspective, the observed "thres-
holds" for these various effects (particularly neurological and heme biosynthe-
sis effects) continue to decline as more sophisticated experimental and clini-
cal measures are employed to detect more subtle, but still significant effects.
These include significant alterations in normal physiological functions at
blood lead levels markedly below the currently accepted 25 ug/dl "maximum safe
level" for pediatric exposures.

(5) Preceding chapters of this document demonstrate that young children are at
greatest risk for experiencing lead-induced health effects, particularly in the
urbanized, low income segments of this pediatric population. A second group at
increased risk is pregnant women, because of exposure of the fetus to lead in
the absence of any effective biological (e.g., placenta!) barrier during gesta-
tion. A third group at increased risk would appear to be white males, aged
40-59, in that blood pressure elevations appear to be significantly correlated
with elevations in blood lead level in this group.
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(6) Dose-population response information for heme synthesis effects, coupled with
information from various blood lead surveys, e.g., the NHANES II study, indi-
cate that large numbers of American children (especially low-income, urban
dwellers) have blood lead levels sufficiently high (in excess of 15-20 ug/dl)
that they are clearly at risk for deranged heme synthesis and, possibly, other
health effects of growing concern as lead's role as a general systemic toxicant
becomes more fully understood.
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PREFACE

This document updates the Addendum to the 1986 EPA Air Quality Criteria for Lead.

A draft of this Supplement was prepared in March 1989 and reviewed by the Clean Air

Scientific Advisory Committee (CASAC) at a public meeting on April 27, 1989. Comments

on the draft Supplement were received from the public until June 12, 1989. The CASAC

informed the EPA Administrator in a letter dated January 13, 1990 that the 1986 Lead

Criteria Document, Addendum, and Supplement afforded "a scientifically balanced and

defensible summary of our current knowledge of the effects of this pollutant, providing an

adequate scientific basis for EPA to retain or revise primary and secondary NAAQS [National

Ambient Air Quality Standards] for airborne lead." This draft final Supplement differs from

the 1989 draft only in minor corrections and additions.
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ABSTRACT

The 1986 U.S. EPA document Air Quality Criteria for Lead (EPA-600/8-83/028

aF-dF) evaluated in detail the most pertinent scientific information concerning sources, routes,

and levels of lead exposure and associated health effects and potential risks. An Addendum,

issued as part of Volume 1, pages A1-A67, of the 1986 Criteria Document, focused on

additional emerging studies concerning the effects of lead on cardiovascular function and on

early physical and neurobehavioral development. This Supplement to the above materials

evaluates still newer information concerning (1) lead effects on blood pressure and other

cardiovascular endpoints, and (2) the effects of lead exposure prenatally and/or postnatally on

birth outcomes and early physical and neurobehavioral development of children. The

evaluations contained in this Supplement and the 1986 Criteria Document and Addendum are

to serve as scientific inputs to decision-making with regard to the review and revision, as

appropriate, of the National Ambient Air Quality Standards (NAAQS) for lead.
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SUPPLEMENT TO THE 1986 AIR QUALITY CRITERIA FOR LEAD: ADDENDUM

I. INTRODUCTION
In the mid-1980s, the 1977 EPA criteria document, Air Quality Criteria for Lead (U.S.

Environmental Protection Agency, 1977) was updated and revised pursuant to Sections 1 OS-
109 of the Clean Air Act, as amended, 42 U.S.C. 7408 and 7409. The final version of the
updated criteria document (U.S. Environmental Protection Agency, 1986a), incorporating
revisions made in response to public comments and review of earlier drafts by the Clean Air
Scientific Advisory Committee (CASAQ, was completed in 1986 to be used as a basis for
review and, as appropriate, revision of the National Ambient Air Quality Standard (NAAQS)
for lead. An Addendum (U.S. Environmental Protection Agency, 1986b) to the revised
document, Air Quality Criteria for Lead (U.S. Environmental Protection Agency, 1986a), was
also completed in 1986 and evaluated newly published information concerning two topics: (1)
the relationship between blood lead levels and cardiovascular effects, and (2) lead exposure
effects on early development and stature.

In the three years since the 1986 Addendum was prepared, information pertaining to the
health effects of lead has continued to emerge with regard to the topics addressed in that
Addendum. Although newer findings have been generally consistent with the state of
understanding that was articulated in the 1986 Addendum, they still need to be evaluated as
part of an updated assessment of the latest scientific information that characterizes the health
effects of lead (Pb) with clear relevance for decision-making on potential revision of the
existing lead NAAQS.

The present update focuses primarily on key findings that have emerged in the literature
since 1986 in the areas of lead effects on (1) blood pressure and related cardiovascular
endpoints and (2) child development. It does not attempt to be comprehensive in reviewing
this literature, nor does it attempt to address all the topics covered in the 1986 Air Quality
Criteria Document and Addendum. Rather, its explicit purpose is to describe and interpret
the critical effects of lead that have greatest significance for impending regulatory decisions
regarding this environmental pollutant, with discussion focussing on key newer papers
published since completion of the earlier 1986 Addendum.
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H. RELATIONSHIP OF BLOOD PRESSURE TO LEAD EXPOSURE
The 1986 Addendum (U.S. Environmental Protection Agency, 1986b) addressed the

issue of lead effects on the cardiovascular system in a review of the findings with regard to
overtly lead-intoxicated individuals, epidemiologic studies of associations between lead
exposure and increased blood pressure, toxicologic data providing evidence for lead-induced
cardiovascular effects in animals, and information on the possible mechanisms of action of
lead on cardiovascular function. The amount and quality of the evidence available at that
time were adequate to provide an initial evaluation of the topic, but did not come to a fully
definitive consensus with regard to the contributory role of lead exposure to hypertension.
Also not fully resolved was the extent to which lead-induced hypertension or other types of
lead-induced pathogenic effects contribute to more serious morbidity (heart attack, stroke) and
mortality of the human population.

For the purposes of this Supplement, primary emphasis is being placed on updated
discussions of key human population-based studies which reflect primarily non-occupational
exposure to lead. The largest study populations have been the second National Health and
Nutrition Examination Survey (NHANES II) for the U.S. population (performed during the
years 1976-80) and the British Regional Heart Study (BRHS), an ongoing evaluation of men
aged 40 to 59 from 24 British towns. These studies were earlier described in detail in the
published literature (Harlan et al., 1985; Pocock et al., 1984; Pirkle et al., 1985; Shaper
et al., 1981); and further analyses of the subject data sets have been presented and discussed
extensively at a 1987 U.S. EPA co-sponsored International Symposium on Lead-Blood
Pressure Relationships and in other recent publications. In addition, analyses of several other
data sets have been presented by other investigators at the 1987 Symposium or elsewhere in
the published literature since the 1986 Addendum was prepared.

The 1986 Addendum (U.S. Environmental Protection Agency, 1986b) noted that several
then-recently-published studies provided generally consistent evidence for increased blood
pressure being associated with elevated lead body burdens in adults, especially as indexed by
blood lead levels in various cohorts of adult men. None of the individual studies, it was
noted, provided definitive evidence establishing causal relationships between lead exposure
and increased blood pressure, but they collectively provided considerable qualitative evidence
indicative of significant associations between blood lead and blood pressure levels. It was



further emphasized that estimates of quantitative relationships between blood lead levels and
blood pressure increases derived from such study results are subject to much uncertainty,
given the relatively small sample sizes and limited population groups typically studied. On
the other hand, the above-noted larger-scale studies (NHANES n and BRHS) of general
population groups, were singled out as providing reasonably good bases for estimation of
quantitative blood-lead/blood-pressure relationships.

As reviewed in the 1986 Addendum (U.S. Environmental Protection Agency, 1986b), in
the BRHS, Pocock et al. (1984) evaluated relationships between blood lead concentrations,
hypertension, and renal function indicators in a clinical survey of 7,735 middle-aged men
(aged 40-49) from 24 British towns. Each man's blood pressure, while seated, was measured
twice in succession by means of a London School of Hygiene sphygmomanometer. Diastolic
pressure was recorded at phase V disappearance of sounds. The mean of the two readings of
blood pressure was adjusted for observed variation within each town to correct for any
differences among three observers. Results for 7,371 men included in data analyses indicated
correlation coefficients of r = +0.03 and r = +0.01 for associations between systolic and
diastolic blood pressure, respectively, and blood lead levels. The systolic blood pressure
correlation, though small in magnitude, was nevertheless statistically significant at p <0.01.
However, analyses of covariance using data for men categorized according to blood lead
concentrations only suggested increases in blood pressure at lower blood lead levels; no
further significant increments in blood pressure were observed at higher blood lead levels
either before or after adjustment for factors such as age, town, body mass index, alcohol
consumption, social class, and observer. Evaluation of prevalence of hypertension, defined as
systolic blood pressure over 160 mm mercury (Hg), revealed no significant overall trend; but
of those men with blood lead levels over 37 jig/dl, a larger proportion (30 percent) had
hypertension when compared with the proportion (21 percent) for all other men combined
(p = 0.08). Similar results were obtained for diastolic hypertension defined as > 100 mm
Hg, i.e., a greater proportion (15 percent) of men with blood lead levels over 37 jig/dl had
diastolic hypertension in comparison with the proportion (9 percent) for all other men (p =
0.07).

Pocock et al. (1984) interpreted their findings as being suggestive of increased
hypertension at blood lead levels over 37 /ig/dl, but not at lower concentrations typically



found in British men. However, ftir&et analyses reported by Pocock et al. (1985) for the
same data indicated significantly higher statistical associations between both systolic
(p =0.003) and diastolic (p < 0.001) blood pressure and blood lead levels, when adjustments
were made for variation due to site (town) in multiple regression analyses. The regression
coefficients for log blood lead versus systolic and diastolic pressure were +2.089 and
+ 1.809, respectively, when adjusted for site as well as body mass, age, alcohol, smoking,
social class, and observer. Noting the small magnitude of the association observed and the
difficulty in adjusting for all potentially relevant confounders, Pocock et al. (1985) cautioned
at that time against prematurely concluding that elevated body lead burden has a causal
influence on blood pressure.

The 1986 Addendum (U.S. Environmental Protection Agency, 1986b) also noted that
relationships between blood lead and blood pressure among American adults had begun to be
evaluated in another large-scale study, as reported by Harlan et al. (1985), Pirkle et al.
(1985), and Schwartz (1985a,b; 1986a,b). These analyses were based on evaluation of
NHANES n data, which provide careful blood lead and blood pressure measurements on a
large-scale sample representative of the U.S. population and considerable information on a
wide variety of potentially confounding variables as well. As such, these analyses avoided
the problem of selection bias, the healthy-worker effect, workplace exposures to other toxic
agents, and problems with appropriate choice of control groups that often confounded or
complicated earlier, occupational studies of blood-lead/blood-pressure relationships. Three
blood pressure readings were recorded for each subject: while seated early in the
examination, supine midway in the examination, and seated near the end. First and fifth
phase sounds were taken as systolic and diastolic pressures, respectively. The second seated
blood pressure was used in statistical analyses, but analyses using the first seated pressure or a
mean of the first and second seated pressure yielded similar results. Blood lead values,
determined by atomic absorption spectrometry, were transformed to log values for statistical
analyses.

Relationships between blood pressure and other variables were evaluated in two ways.
First, men and women were stratified into normotensive and hypertensive categories and
mean values for relevant variables contrasted across the categories. For ages 21-55 yr,
diastolic high blood pressure (*90 mm Hg) male subjects (N = 475) had significantly



(p < 0.005) higher PbB levels, body mass index values, and calcium foods than did
normotensive male subjects (N = 1,043). Similar results were obtained for aged 21-55 yr
diastolic high blood pressure females (N = 263) in comparison to normotensive females
(N = 1,316). For subjects aged 56-74 years, significantly (p <0.05) higher PbB levels were
found for female subjects (but not males) defined as having isolated systolic high blood
pressure (i.e., systolic £ 160 and diastolic <90 mm Hg). Simple correlation analyses and
step-wise multiple regression analyses were carried out as a second statistical evaluation
approach; PbB values were entered into predictive models for systolic and diastolic pressure
as well as several other pertinent variables (such as age, body mass index, etc.) entered
sequentially according to greatest magnitude of variance explained for the dependent variable.
The simple correlation analyses reported by Harlan et al. (1985) demonstrated statistically
significant linear associations (p < 0.001) between blood lead concentrations and blood
pressure (both systolic and diastolic) among males and females, aged 12 to 74 years. Using
multiple regression analyses controlling for a number of other potentially confounding factors,
however, the blood-lead/blood-pressure associations remained significant for males but not for
women after adjusting for the effects of other pertinent variables.

Additional analyses of NHANES n data reported by Pirkle et al. (1985) focused on
white males (aged 40 to 59 years) in order to avoid the effects of collinearity between blood
pressure and blood lead concentrations evident at earlier ages and because of less extensive
NHANES n data being available for non-whites. In the subgroup studied, Pirkle et al.
(1985) found significant associations between blood lead and blood pressure even after
including in multiple regression analyses all known factors previously established as being
correlated with blood pressure. The relationship also held when tested against every dietary
and serologic variable measured in the NHANES n study. Inclusion of both curvilinear
transformations and interaction terms altered little the coefficients for blood pressure
associations with lead (the strongest relationship was observed between the natural log of
blood lead and the blood pressure measures). The regression coefficients for log blood lead
versus systolic and diastolic blood pressure were 8.436 and 3.954, respectively. No evident
threshold was found below which blood lead level was not significantly related to blood
pressure across a range of 7 to 34 /tg/dl. In fact, the dose-response relationships
characterized by Pirkle et al. (1985) indicate that large initial increments in blood pressure



occur at relatively low blood lead levels, followed by leveling off of blood pressure
increments at higher blood lead levels. Pirkle et al. (1985) also found lead to be a significant
predictor of diastolic blood pressure greater than or equal to 90 mm Hg, the criterion blood
pressure level now standardly employed in the United States to define hypertension.
Additional analyses were performed by Pirkle et al. (1985) to estimate the likely public health
implications of their findings concerning blood-lead/blood-pressure relationships. Changes in
blood pressure that might result from a specified change in blood lead levels were first
estimated. Then coefficients from the Pooling Project and Framingham studies (Pooling
Project Research Group [1978] and McGee and Gordon [1976], respectively) of
cardiovascular disease were used as bases to: (1) estimate the risk for incidence of serious
cardiovascular events (myocardial infarction, stroke, or death) as a consequence of lead-
induced blood pressure increases, and (2) predict the change in the number of serious
outcomes as the result of a 37 percent decrease in blood lead levels for adult white males
(aged 40-59 years) observed during the course of the NHANES n survey (1976-1980).

The earlier Addendum (U.S. Environmental Protection Agency, 1986b) also noted that
questions had been raised by Gartside (1985) and E. I. DuPont de Nemours (1986) regarding
the robustness of the findings derived from the analyses of NHANES II data discussed above
and as to whether certain time trends in the NHANES n data set may have contributed to (or
account for) the reported blood-lead blood-pressure relationships. Gartside reported analyses
of NHANES n data, which found that the obtained size and level of coefficient statistical
significance varied depending upon specific data aggregations used in analyzing the data. The
largest and most significant coefficients for blood lead versus blood pressure were obtained by
Gartside for data aggregated by age groups that approximated that of the 40-59 yr male
aggregation described by Pirkle et al. (1985), with coefficients for most younger cohort
groups aggregated by varying 20-yr age intervals (e.g., 21-40, 22-41 yrs, etc.) or older
groups not always being significant at p <0.05. As for the time trend issue, both blood lead
and blood pressure declined substantially during the 4-yr NHANES n study and different
geographic sites were sampled without revisitation of the same site over the survey period.
Thus, variations in the sampling sites over time, coincident with changes in blood lead and/or
blood pressure, might contribute to any observed associations between blood lead and blood
pressure. E. I. DuPont de Nemours (1986) reported that multiple regression coefficients



decreased in magnitude and some became non-significant (p >0.05) when adjusted for
geographic site in analyses of NHANES n data, including analyses for the male group (aged
12-74) reported by Harlan et al. (1985) and for males (aged 40-59) reported by Pirkle et al.
(1985). For example, E. I. DuPont de Nemours reported unpublished reanalyses of
NHANES n data confirming significant associations, for males aged 12-74 years as well as
40-59 years, between log blood lead and systolic or diastolic blood pressure unadjusted for
geographic site, but smaller coefficients (nonsignificant for diastolic) when geographic site
was included in the analysis. However, neither the Gartside nor E. I. DuPont de Nemours
analyses adjusted for all of the variables that were selected for stepwise inclusion in the
Harlan et al. (1985) and Pirkle et al. (1985) published analyses by means of a priori decision
rules for inclusion of variables having significant associations with blood pressure. Also,
other differences existed in regard to specific aspects of the modeling approaches employed,
making it extremely difficult to assess clearly the potential impact of variation in selection of
age groups and geographic site adjustment on NHANES n analyses results.

In order to address the "site" issue more definitively, Schwartz (1985a,b; 1986a,b)
carried out a series of additional reanalyses of the NHANES n data. Those analyses
confirmed that the regression coefficients remain significant for both systolic and diastolic
blood pressure when site is included as a variable in multiple regression analyses. Of several
different approaches used by Schwartz, the most direct was holding all aspects of the original
Pirkle et al. (1985) analyses the same except for the addition of a variable controlling for the
64 geographic sites sampled in NHANES n. Using this approach, the coefficients for log
blood lead in relation to either diastolic or systolic blood pressure dropped somewhat from
those of the original analyses when site was controlled for (i.e., from 8.44 to 5.09 for systolic
and from 3.95 to 2.74 for diastolic blood pressure), but the coefficients for each still
remained significant at p <0.05. When still other approaches were used to control for site
along with variations in other variables included in the analyses, statistically significant results
were still consistently obtained both for males aged 40-59 and for males aged 20-74. The
results obtained by Schwartz (1985a,b; 1986a,b) via reanalysis of NHANES n data
(unadjusted versus adjusted for geographic site) are presented in Table 1 in comparison to
results reported by E. I. DuPont de Nemours (1986) and in relation to the findings presented
by Pocock et al. (1984, 1985) for British men (also unadjusted versus adjusted for site).
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TABLE 1. COEFFICIENTS FOR THE NATURAL LOG OF BLOOD LEAD
CONCENTRATION (togPbB) VS. BLOOD PRESSURE (BP) IN MEN WITH AND

WITHOUT ADJUSTMENT FOR SITE VARIABLES

Analysis
Performed by

Study
Group

Coefficient of
log PbB vs. BP

Unadjusted
for Site

Adjusted
for Site

Pocockettl.
(1984, 1985)

Schwutz (198Sa,b)

E. I. DuPont
de Nemours (1986)

Schwutz (1986a,b)

E. I. DuPont
de Nemours (1986)

British Regional
Heart Study

White male* aged 40-59
Systolic (n-7371)
Diastolic (n-7371)

NHANESH
Males aged 20-74

Systolic (n-2254)
Diastolic (n-2248)

NHANESH
Males aged 12-74

Systolic (n=2794)
Diastolic (n=2789)

NHANESn
White males aged 40-59

Systolic (n-543)
Diastolic (n=565)

NHANESn
White males aged 40-59

Systolic (n=553)
Diastolic (n=575)

1.68**
0.30

5.23***
2.96***

3.43***
2.02***

8.44**
3.95**

6.27**
4.01**

2.09**
1.81***

3.23**
1.39*

1.95*
0.36

5.01*
2.74*

3.46*
1.93*

*p <0.05
**p <0.01

***p <0.001

The 1986 Addendum (U.S. Environmental Protection Agency, 1986b) concluded that,
overall, the analyses of data from the two large-scale general population studies (British
Regional Heart Study and U.S. NHANES n Study) discussed above collectively provide
highly convincing evidence demonstrating small but statistically significant associations
between blood lead levels and increased blood pressure in adult men. The strongest
associations appeared to exist for males aged 40-59 and for systolic somewhat more so than
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for diastolic pressure. Virtually all of the analyses revealed positive associations for the 40-
59 aged group, which remain or become significant (at p <0.05) when adjustments are made
for geographic site. Furthermore, the results of these large-scale studies were noted to be
consistent with similar findings of statistically significant associations between blood lead
levels and blood pressure increases as derived from other smaller-scale studies discussed in
the Addendum, which also mainly found stronger associations for systolic pressure than for
diastolic.

The Addendum (U.S. Environmental Protection Agency, 1986b) further concluded that
none of the observational studies in and of themselves can be stated as definitively
establishing causal linkages between lead exposure and increased blood pressure of
hypertension. However, the Addendum noted that the plausibility of the observed
associations reflecting causal relationships between lead exposure and blood pressure increases
was supported by: (1) the consistency of the significant associations found by numerous
independent investigators for a variety of study populations, and (2) extensive toxicological
data discussed in the 1986 Addendum which clearly demonstrated increases in blood pressure
for animal models under well-controlled experimental conditions. The precise mechanisms
underlying relationships between lead exposure and increased blood pressure, the Addendum
further stated, appeared to be complex, and mathematical models describing the relationships
still remained to be more definitively characterized. At the time of the Addendum, log blood-
lead/blood pressure models appeared to fit best the available data, but linear relationships
between blood lead and blood pressure could not be ruled out. The most appropriate
coefficients characterizing these relationships also remained to be more precisely determined,
although those listed in Table 1 obtained by analyses adjusting for site appeared to be the
currently best available and most reasonable estimates of the likely strength of the association
for adult men (i.e., generally in the range of 2.0-5.0 for log blood lead versus systolic and
1.4 to 2.7 for log blood lead versus diastolic blood pressure). The 1986 Addendum went on
to note that the full lange of blood lead levels that may be associated with increased blood
pressure also remained to be more clearly defined. However, the collective evidence from
the above studies points toward low or moderately elevated blood lead levels as being
associated with blood pressure increases, with certain evidence (e.g., the NHANES n data



analyses and some other study results) also indicating significant relationships between blood
pressure elevations and blood lead levels ranging down, possibly, to as low as 7 /xg/dl.

The earlier Addendum (U.S. Environmental Protection Agency, 1986b) further stated
that the quantification of likely consequent risks for serious cardiovascular outcomes, as
attempted by Pirkle et al. (1985), also remained to be more precisely characterized. The
specific magnitudes of risk obtained for serious cardiovascular outcomes in relation to lead
exposure, estimated on the basis of lead-induced blood pressure increases, depend crucially
upon: the form of the underlying relationship and size of the coefficients estimated for blood-
lead/blood-pressure associations; lead exposure levels at which significant elevations in blood
pressure occur; and coefficients estimating relationships between blood pressure increases and
specific more serious cardiovascular outcomes. It was noted that uncertainty still exists
regarding the most appropriate model and blood-lead/blood-pressure coefficients, mading it
difficult to resolve which specific coefficients should be used in attempting to project more
serious cardiovascular outcomes. Similarly, it was indicated that it is difficult to determine
appropriate blood lead levels at which any selected coefficients might be appropriately applied
in models predicting more serious cardiovascular outcomes. Lastly, it was noted that the
selection of appropriate models and coefficients relating blood pressure increases to more
serious outcomes is also fraught with uncertainty. Questions exist regarding the general
applicability of coefficients derived from the Pooling Projects and Framingham Study to men
aged 40-59 in the general U.S. population. Further analyses of additional large-scale
epidemiologic data sets, it was stated in the Addendum, would be necessary to determine
more precisely quantitative relationships between blood-lead and blood-pressure, and more
serious cardiovascular outcomes as well.

The Addendum (U.S. Environmental Protection Agency, 1986b) went on to note further
that the above findings, while pointing toward a likely causal effect of lead in contributing to
increased blood pressure, need to be placed in broader perspective in relation to other factors
involved in the etiology of hypertension. The underlying causes of increased blood pressure
or "hypertension" (diastolic blood pressure above 90 mm Hg), which occurs in as many as
25 percent of Americans, are not yet fully delineated (Frohlich, 1983; Kaplan, 1983).
However, it is very clear that many factors contribute to development of this disease,
including hereditary traits, nutritional factors, and environmental agents. The relative roles of
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various dietary and environmental factors in influencing blood pressure and the mechanisms
by which they do so are a matter of intense investigative effort and debate (see proceedings of
conference "Nutrition and Blood Pressure: Current Status of Dietary Factors and
Hypertension," McCarron and Kotchen, 1983). The contribution of lead, compared to many
other factors evaluated in various analyses discussed above, appears to be relatively small,
usually not accounting for more than 1-2 percent of the variation explained by the models
employed when other significant factors are controlled for in the analyses.

Many of the above issues and questions have been further addressed since the 1986
Addendum was completed, in part at the 1987 Lead-Blood Pressure Symposium and in other
recent publications as well. Presentations and discussions at the 1987 Symposium (see
Victery, 1988a) were contributed by (1) many of the key scientists who have carried out
important investigations of the relationship of lead exposure and hypertension (including
observational, epidemiologic, and experimental reports), as well as (2) other experts in
hypertension and cardiovascular disease in general. Several speakers reviewed their analyses
of the NHANES U data (Harlan, 1988; Schwartz, 1988; Gartside, 1988; Landis and Flegal,
1988) and the British study (Pocock et al., 1988). Elwood et al. (1988a) also summarized the
results of two new large-scale Welsh studies. Pocock further provided a new comparison of
the relative magnitude of the contribution of lead exposure to blood pressure changes based on
intercomparison of the results of the NHANES n, British, and Welsh studies. A number of
other relevant papers described studies of lead-blood pressure relationships in selected
populations of nonoccupationally exposed individuals, as well as workers (Kromhout, 1988;
Moreau et al., 1988; Weiss et al., 1988; Wedeen, 1988; Cooper, 1988; Selevan et al., 1988;
de Kort and Zwennis, 1988; Elwood et al., 1988; Neri et al., 1988; Staessen et al., 1988;
Sharp et al., 1988). Other presentations addressed pertinent toxicological findings from in
vivo or in vitro animal studies (Vander, 1988; Chai and Webb, 1988; Kopp et al., 1988;
Boscolo and Carmignani, 1988; Weiler et al., 1988; Victery, 1988b).

With regard to new findings reported at the 1987 Symposium, a further alternative
analysis of the data from NHANES n (using a generalized Mantel-Haenzel test) was reported
by Landis and Flegal (1988). In order to more definitively assess the robustness of the earlier
NHANES H results (Harlan et al. 1985; Pirkle et al., 1985) and, also, to evaluate possible
time-trend effects confounded by variations in sampling sites, Landis and Flegal (1988)
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carried out further analyses for NHANES n males, aged 12-74, using a randomization model-
based approach to test the statistical significance of the partial correlation between blood lead
and diastolic blood pressure, adjusting for age, body mass index, and the 64 NHANES n
sampling sites. Simple linear and multiple regression coefficients between log blood lead and
diastolic blood pressure for all males (aged 12-74) were 0.1S and 4.90, respectively; for
various groups broken out by age (<20, 21-39, >40 yrs) and body mass index levels, the
respective coefficients ranged from 0.04 to 0.12 and from 1.29 to 3.55 (predominantly
between 2.3 and 3.6), displaying considerable consistency across age-body mass comparison
groups. Also, the most stringent or "conservative" approach used to calculate a randomized
model statistic controlling for effects due to 64 sampling sites yielded a test statistic of 4.62
(still significant at p <O.OS). The authors noted that: (1) the association must be sufficiently
robust to persist across 478 subgroups formed on the basis of factors also having an
association with the levels of blood lead and blood pressure; and (2) nevertheless, even with
the severe adjustments by sampling sites, age, and Quetelet index, the diastolic blood
pressure/blood lead relationship remained statistically significant at the p <0.05 level. In
summary, their analyses indicate that the significant linear association between blood-lead
levels and diastolic blood pressure readings cannot be dismissed as due to concurrent secular
trends in the two variables across the 4-year survey period. Finally, the authors noted that,
even though these partial correlations are not large, the magnitude of the regression
coefficients suggests that elevated blood lead levels may be an important risk factor for
elevated blood pressures, as developed in considerably greater detail for the restricted group
of white men 40 to 59 years of age (as described in Pirkle et al., 1985).

Also reported at the 1987 Symposium were two surveys in Wales that evaluated possible
relationships between blood lead and blood pressure (Elwood et al., 1988a,b). The Welsh
Heart Programme was carried out in 1985 throughout Wales, using a stratified cluster random
sample of 21,000 households, with 2,010 male and female adult subjects being included in the
survey population for whom blood lead determinations were made. Complete blood lead,
blood pressure, and other key data were available for 865 men and 856 women. Mean blood
lead values for men were 12.4 /zg/dl and for women 9.6 pg/dl. Blood lead increased with
age (1 ^g/dl every 15.6 years in men and every 13.1 years in women). The partial regression
coefficients with standard error were reported after the effect of age had been removed by

12



cubic regression. In males, the coefficients for systolic and diastolic pressure were 0.82 ±
1.49 and 1.29 ± 0.95, respectively. For females, these coefficients were 0.19 ± 1.46 and

0.54 ± 1.00. In neither sex was the relationship statistically significant. Categorizing the
data by blood lead increments demonstrated no trend in the blood pressure levels.

The second group studied was about half of the planned subjects in the Caerphilly
Collaborative Heart Disease study; this study on ischemic heart disease was based on a cohort
of men aged 45-59, living in Caerphilly, a small town in Wales. Several risk factors for
ischemic heart disease were considered. Blood pressure was measured with a random-zero
muddler sphygmomanometer after a 5-minute rest and during a cold pressor test. The
correlation coefficients for resting systolic and diastolic pressure were 0.0183 and 0.0230,
respectively, and for the rise in pressure with the cold pressor test, 0.0342 and
0.0078 respectively. None were significant at p <0.05. Ranking the blood pressure readings
according to blood lead groups did not reveal any trend in the percentage of subjects with
systolic blood pressure greater than 160 mm Hg.

The authors (Elwood et al., 1988a,b) only corrected for age as a confounding factor,
because all other factors were positively correlated with both blood pressure and blood lead.
They concluded that, in the event these other factors (e.g., cigarette use and alcohol
consumption) were controlled for, they would probably reduce the already trivial (and
nonsignificant) relationships found by them for blood lead and blood pressure measurements
in the two Welsh studies.

At the 1987 Symposium, Pocock compared the results of the NHANES n data analyses
as discussed by Schwartz (1988), his analyses of the British study (Pocock et al., 1988), and
the two Welsh studies (Elwood et al., 1988a,b). Figure 1 shows the magnitudes of effects
obtained for adult men in these four large-scale studies, relating systolic blood pressure to
blood lead concentration, as depicted by Pocock et al. (1988). The graph shows each study's
estimated change in mean systolic blood pressure for each doubling of blood lead (e.g., from
8 to 16 Mg/dl)> together with 95% confidence limits. Pocock concluded that an overview of
data from these large epidemiological surveys provides reasonably consistent evidence on lead
and blood pressure. That is, whereas the NHANES n data on 2,254 U.S. men indicate a

, slightly stronger association between blood lead and systolic blood pressure than Pocock's
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BRHS (N - 7371)

NHANES II (N - 2254)

Caerphilly (N - 1164)

Wales (N - 865)

B

- 2 - 1 0 1 2 3

ESTIMATED CHANGE IN MEAN SYSTOLIC BLOOD PRESSURE
(mm Hg) FOR A DOUBLING OF BLOOD LEAD

Figure 1. Comparison of study results from four larger-scale epidemiology studies of
lead-blood pressure relationships in adult men. Depicted are each study's
estimated changes in mean systolic blood pressure (in mm Hg) for each
doubling of blood lead (e.g., from 8 to 16 /tg/dl) together with 95% confidence
limits. A = British Regional Heart Study (BRHS) analyses, described by
Pocock et al. (1988); B = National Health and Nutrition Evaluation Surrey
(NHANES IT) analyses described by Schwartz (1988); C and D = Caerphilly
and Wales studies described by Elwood et al. (1988a,b).

Source: Pocock et al. (1988).
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British study, the data from the two Welsh studies on over 2,000 men also showed a small
positive (but not statistically significant) association. Pocock noted that the overlapping
confidence limits for all these studies suggest that there may be a weak positive statistical
association whereby systolic blood pressure in adult men is increased by about 1 mm Hg for
every doubling of blood lead concentration.

There was an additional report of an analysis of cross-sectional data from Canada (Neri
et al., 1988) presented at the 1987 Lead-Blood Pressure Symposium. This study was
performed on data collected during 10 months of 1978-1979 for 2,193 subjects aged 25 to 64.
The zero-order correlation between diastolic blood pressure and blood lead level was found to
be 0.115. The authors concluded that, although this association is a weak one (as was also
the case in the NHANES n data), its statistical significance is not in doubt (p < 0.001).
They further concluded that (1) the Canadian data were at least weakly supportive of the
inference drawn from NHANES n, in that elevation of blood lead did seem to entail some
risk of blood pressure elevation, but (2) it would be premature, in the absence of longitudinal
data, to infer that this is a cause-and-effect relationship. Neri et al. (1988) then reported the
findings for a group of subjects studied longitudinally for blood lead levels and blood
pressure. In this study of lead foundry workers, an association was found between short-
term changes in an individual's blood lead level and contemporary changes in diastolic
pressure, which remained significant after allowance for age (or time) trends and for effects
attributable to changes in body weight. The authors also noted that short-term changes in
urinary cadmium were similarly predictive of diastolic blood pressure levels.

There were several other reports presented at the 1987 Symposium with regard to
smaller-scale observational studies of blood lead and blood pressure in two types of
occupationally lead-exposed groups: bus drivers (Sharp et al., 1988) and policemen (Weiss
et al., 1988; Moreau et al., 1988). These studies all yielded findings that are also indicative
of lead-induced increases in blood pressure.

In other recent reports besides those presented at the 1987 Symposium, several new
studies (with generally small cohorts) of occupationally exposed workers have yielded further
results with regard to lead effects on blood pressure or other cardiovascular outcomes. For
example, Parkinson et al. (1987) reported findings on data collected in 1982 from 270 lead
workers and 158 nonexposed workers in Pennsylvania. Four measures of lead exposure were
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used: (a) employment at lead exposure vs. control plants; (b) current blood lead values at
time of examination (exposed group mean = 39.9 jtg/dl vs. 7.4 /zg/dl for controls); (c) zinc
protoporphyrin values at time of examination: (d) time weighted average (TWA) blood lead
values for lead-exposed workers since date of hire. Other risk factors (age, years, of
education, etc.) were also included in the regression analysis. Of the three lead measures,
only TWA blood lead was significantly, although modestly, correlated with blood pressure.
After controlling for other predictive risk factors, including age, the effect of TWA on blood
pressure was no longer significant and the authors did not find evidence of renal disease.

Also, in 1987, de Kort and colleagues reported finding a statistically significant increase
in systolic and diastolic pressure in 53 exposed males compared with 52 controls (de Kort
et al., 1987). Blood lead averaged 47.4 pg/dl for the exposed workers vs. 8.1 for controls.
Blood and urine cadmium were also higher than in controls; there were no adverse effects on
kidney function. The prevalence of clinically defined hypertension (systolic greater than 160
mm Hg and/or diastolic greater man 95 mm Hg and/or under treatment for hypertension) was
higher in the exposed group, but the observed relative risk was not different.

On the other hand, Sharp et al. (1989) did find a statistically significant (p $0.036)
relationship between blood lead levels and blood pressure (diastolic but not systolic) levels
among a subsample of bus drivers evaluated in their earlier study (Sharp et al., 1988) who
were under beta-blocker treatment for hypertension. The association between diastolic blood
lead and blood pressure was significant at the stated level even after controlling for other
relevant risk factors, and none of the blood lead levels at the time of blood pressure testing
exceeded 18 pg/dl.

In addition to the above study results which focused primarily on lead-blood pressure
effects in adult males, some additional analyses of such relationships in females have become
available since the 1986 Addendum and the 1987 Lead-Blood Pressure Symposium. For
example, Schwartz (1989) has recently reported the results of still further analyses of the
NHANES n data set. These latest analyses used variables identified as being important in
earlier NHANES n analyses and examined the relationship between blood lead and blood
pressure in both males and females, aged 20-74 yean. The analyses were carried out in
stages, with separate regressions first being performed for males and females. Diastolic blood
pressure was regressed on age, age squared, Quetelet's body mass index, and the natural log
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of blood lead. If, in this first step, lead was significant, then a stepwise regression was
carried out taking into account a number of covariates or potentially confounding cofactors
(e.g., dietary sodium, smoking), and final models were then ultimately estimated using
SURREGR (a program correcting for study design effects as well). Statistically significant
relationships were found between blood lead and blood pressure in both males (p <0.01) and
females (p < 0.01) in the first stage regressions, correcting for the above-noted covariates.
Lead also continued to be significantly related to blood pressure in the separate stepwise
regressions for males and females. The final models yielded a smaller but statistically
significant (p <0.03) blood lead coefficient (1.640) for females than the coefficient for males
(2.928; p <0.006). These results therefore (!) tend to confirm the earlier findings of
Schwartz and other investigators demonstrating significant associations between blood lead
and blood pressure increases in adult males in the NHANES n study population, and
(2) demonstrate analogous although somewhat smaller effects in women from the same study
population. However, the strength of the relationship (blood lead coefficient) for women
remains to be more precisely defined in terms of adjustments for geographic site effects
analogous to those described above for earlier analyses for NHANES n and BRHS male
subjects.

In another study, Grandjean et al. (1989) evaluated lead-hypertension relationships in a
cohort of 504 men and 548 women born in the same year and residing in the Glostrup area of
Denmark. Both blood lead concentrations and blood pressure determinations were first
obtained at age 40 and then, again, five years later for 451 men and 410 of the women. The
average blood lead levels for men at age 40 and 45 years were 13 and 9 jig/dl, respectively;
for women they were 9 and 6 ng/&, respectively, at age 40 and 45 years. At age 40, women
with systolic blood pressure above 140 mm Hg and/or diastolic above 90 mm Hg had slightly
elevated blood leads compared to non-hypertensive women; but no differences were found for
blood lead levels in men with increased versus normal (i.e., 140 or 90 mm Hg, respectively,
for systolic and diastolic) blood pressure. Significant correlations were found between log
blood lead and systolic blood pressure in both men and women and diastolic blood pressure in
women only at age 40, but not at age 45. The relationship at age 40 indicated a doubling of
blood lead being associated with a $3 mm Hg increase in blood pressure. When blood
hemoglobin and alcohol intake (the only two of nine potential confounders assessed that were
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significantly related to both blood lead and blood pressure) were entered into multiple
regression analyses, then all blood-lead blood-pressure associations become non-significant.
Grandjean et al. (1989) noted that the initial association found between blood lead and blood
pressure was similar or slightly weaker than those earlier reported for the BRHS (Pocock
et al., 1985) or the NHANES H (Pirkle et al., 1985) data analyses. The impact of alcohol
and blood hemoglobin on the subsequent multiple regression outcomes indicated clear
confounding with blood lead and an inability in this study to separate out relative
contributions due to those factors versus lead (with blood lead increasing with number of units
of alcohol consumed as documented in the study cohort at age 40, for example). The authors
(Grandjean et al., 1989) further noted that non-response and loss to follow-up, the very low
range of blood lead values, and the limited statistical power of the study (with fewer than
1,000 subjects) to detect small effects may help to account for their observed pattern of
results.

The issue of lead effects on more serious cardiovascular disease outcomes, possibly
mediated by lead effects in blood pressure or via other lead-induced pathogenic processes has
been further addressed since the 1986 Addendum to the EPA Lead Criteria Document was
prepared. Some of the newer evidence has been derived from studies of occupationally
exposed workers and other new results have emerged from still further analyses of the two
larger-scale BRHS and NHANES n data sets.

The causes of mortality of lead workers in the United Kingdom between 1926 and 1985,
for example, have recently been updated in a case-control study reported by Fanning (1988).
There were 867 deaths in men with relatively high occupational exposure to lead during these
years, and 1206 deaths during the same period in men whose exposure had been low or
absent. During the period between 1946 and 1965 there was a significant excess of deaths
from cardiovascular disease; but there was no difference between the two groups over the past
20 years. Also, no statistically significant excess in the number of deaths from malignant
neoplasms was evident. Fanning concluded that the previous evidence of an increased risk of
death from cerebrovascular disease (in lead workers) was therefore confirmed, but it would
seem that with the introduction of stricter standards of lead control this increased risk has now
disappeared, as has any marginal risk of death from malignant disease.
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Another occupational exposure study, an analysis of causes of death in U.S. battery and
lead production workers during the years 1947 to 1980, was presented at the 1987 Lead-
Blood Pressure Symposium by Cooper (1988). Mortality causes were coded according to the
seventh (1955) revision of the International Classification of Diseases. Data were from deaths
of 4,519 battery plant workers and 2,300 lead production or smelter workers during this time
period. Cooper reported that there were significant excess deaths for "other hypertensive
disease" (444-447) and "chronic nephritis" (592-594); but deaths from other hypertension-
related diseases did not show comparable excesses and renal cancer deaths were fewer than
expected. Also, Selevan et al. (1988) reported at the 1987 Symposium that an analysis of
causes of mortality in 1,281 lead smelter workers employed at an Idaho smelter between 1940
and 1965 did not suggest an association between occupational lead exposure and mortality
from hypertension. On the other hand, the data do suggest an association between lead and
renal disease and, possibly, renal cancer.

The 1987 Symposium report by Pocock et al. (1988) not only reviewed relationships
between blood lead concentration and blood pressure as determined in the British Regional
Heart Survey, but also looked at relationships between lead and more serious cardiovascular
outcomes. The results of these further analyses of the BRHS data set were reported by
Pocock et al. (1988) to show that, by 6 years of follow-up, 316 of the men had major
ischemic heart disease and 66 had a stroke. After controlling for the confounding effects of
cigarette smoking and town of residence, statistical analyses did not yield statistically
significant associations between blood lead levels and such cardiovascular events. However,
as the blood lead-blood pressure association is so weak, Pocock et al. (1988) noted, it is
unlikely that any consequent association between lead and cardiovascular disease could be
demonstrated from prospective epidemiological studies.

On the other hand, Schwartz (1989) has recently reported results derived from new
NHANES n data analyses, which provide evidence for significant associations between blood
lead levels and electrocardiogram (ECG) abnormalities indicative of left ventricular
hypertrophy (LVH). Such ECG abnormalities represent an early indicator of cardiovascular
disease that is much more common than frank myocardial infarctions. The logistic regression
analyses employed by Schwartz (1989) yielded a small (0.028) but statistically significant
(p <0.01) coefficient for an association between blood lead levels and increased prevalence
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of LVH, taking into account age, race, and sex (all of which were significantly related to
LVH at p <0.01, <0.0001, and <0.0001, respectively). The interaction terms for sex or
race differences, however, were non-significant (p >0.20) with regard to the cardiovascular
effects of lead.

The Schwartz (1989) results are consistent with previous reports of cardiovascular
effects being associated with high levels of lead exposure, e.g., Kirkby and Gyntelberg's
(1985) report of a 20% increase (p <0.01) in ischemic changes as coded on the Minnesota
Codes in lead workers compared to controls matched on age, race, and several other pertinent
factors. The new findings by Schwartz, however, point toward small but not inconsequential
increased risks for serious cardiovascular outcomes being associated with the relatively low
range of blood lead levels encountered in the general U.S. adult population. It remains to be
determined to what extent the observed lead effects on left ventricular hypertrophy or other
cardiovascular functions are due to a lead-induced increase in blood pressure or to some other
lead-related pathogenic mechanism.

At the 1987 Symposium, there was extensive discussion concerning controversy in the
published epidemiology literature about the nature of a relationship between blood lead and
blood pressure. As summarized by Tyroler (1988), the general population studies discussed
above were seen as pointing toward a causal relationship between increases in blood lead
levels and significant increases in blood pressure, extending to values below those currently
considered to be clinically significant hypertension. Tyroler further noted that the association
has not been found in all studies and, when present, has been such that the increase in blood
pressure with increase in blood lead levels has been of small absolute magnitude and not
constant across age, sex, and race subgroups. Nevertheless, despite the seemingly small
elevations in blood pressure when viewed from the clinical perspective of each individual,
Tyroler further noted that the potential public health importance of a blood-lead blood-
pressure relationship is considerable due to the strong association of blood pressure with
cardiovascular morbidity and mortality, the leading cause(s) of death in our society, and the
large number of individuals exposed.

Of importance for substantiating the plausibility of the blood-lead/blood-pressure
associations observed in human populations representing causal relationships, the
physiological and pharmacological regulation of blood pressure has been studied extensively
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by experimental investigators. Much of the then available information on the subject was
discussed in the 1986 Addendum (U.S. Environmental Protection Agency, 1986b). It is now
understood that various hormonal regulatory systems, vascular smooth muscle, and heart
contractility all contribute to the development of blood pressure changes. Several of the
speakers at the 1987 Symposium (Victery, 1988a) also reviewed findings of changes in the
cardiovascular system in animals exposed to lead. For example, Victery (1988b) reviewed
the experimental studies that have been conducted for over 40 years on the effects of lead on
blood pressure. Differences in animals species, age at beginning of exposure, level of lead
exposure, and the effects of lead on blood pressure were described. It was noted that in
several of the high-dose experiments, hypertension was observed, but nephrotoxicity of lead
may have contributed to its development. In one experiment, high lead exposure may have
reduced an elevated blood pressure. In contrast, lower dose experiments consistently
demonstrated a hypertensive effect. The data suggest that a biphasic dose-response
relationship may exist. Future research should be able to characterize in animals dose-
response relationships for blood pressure effects across low-level lead exposure ranges most
applicable to the general human population.

With regard to mechanisms potentially underlying lead-blood pressure relationships,
Vander (1988) reviewed the chronic effects of lead on the renin-angiotensin system (one of
the primary regulatory hormones for blood pressure). The changes observed in both animals
and humans are highly variable and are dependent on the lead exposure level, the time of
exposure, and other stimuli of the renin-angiotensin system. The human data are consistent
with the tentative hypothesis that lead-exposed persons may have higher plasma renin activity
than normal during periods of modest exposure but normal or depressed plasma renin activity
following more chronic severe exposures.

In another 1988 Symposium paper, the effects of lead on vascular reactivity were
described by Chai and Webb (1988). There is convincing evidence that lead alters vascular
reactivity in lead-exposed animals, which demonstrated a 15-20 mm Hg increase in systolic
blood pressure. Increased pressor responsiveness to catecholamines has been demonstrated in
chronically lead exposed animals and an enhanced contraction of isolated vascular smooth
muscle to adrenergic agonists occurs in rats with lead-induced hypertension. Further
experimental evidence suggests that there are alterations in the mechanisms that regulate
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intracellular calcium concentration and that this may contribute to the abnormal vascular
function in lead-induced hypertension. There were further reports of morphological,
biochemical, and functional alterations in cardiovascular tissue in the reports by Kopp et al.
(1988) and Boscolo and Carmignani (1988). The paper by Kopp et al. (1988) in the
Symposium volume reviews the cardiovascular actions of lead, including evidence that lead
exposure (at least at high levels) leads to morphological, biochemical, and functional
derangements of the heart. The experimental literature also confirmed findings of
cardiovascular complications in experimental animals. Findings include myocarditis,
electrocardiographic disturbances, heightened catecholamine arrhythmogenicity, altered
myocardial contractile responsiveness to inotropic stimulation, degenerative structural and
biochemical changes affecting the musculature of the heart and vasculature, hypertension,
hypercholesterolemia, atherosclerosis, and increased vascular reactivity to alpha-adrengergic
agonists. The precise nature of the exposure-response relationships that apply are still poorly
characterized, as well as the exact pathogenic mechanisms for the effects of lead on the
cardiovascular system; but importantly, the experimental results provide clear evidence for
lead causally affecting cardiovascular function.

In the 1987 Symposium discussion session (Victory et al., 1988), one of the invited
discussants, Dr. Anthony Johns proposed a number of critical experiments to understand how
lead may be affecting blood pressure and whether blood pressure changes can be reversed by
removing lead from the diet. Inhibitors of the angiotensin-converting enzyme (now used as
antihypertensive therapeutic agents) could be tried to determine if this can prevent the blood
pressure increase during lead exposure. The levels of intracellular calcium should be
measured in vascular tissue and the pharmacologic agents that block calcium or potassium
channels in cell membranes should be examined to determine if they might reduce the effects
of lead.

CONCLUSIONS
With regard to the effects of lead on blood pressure, the new information emerging

since preparation of the 1986 Addendum, overall, substantiates further the main conclusions
stated in that Addendum. Sufficient evidence exists from both the four large-scale general
population studies discussed above (NHANES n, BRHS, and the two Welsh studies) and
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numerous other smaller-scale studies to conclude that a small but positive association exists
between blood lead levels and increases in blood pressure. Quantitatively, the relationship
appears to hold across a wide range of blood-lead values, extending possibly down to as low
as 7 jig/dl for middle-aged men and, furthermore, an estimated mean increase of about 1.5-
3.0 mm Hg in systolic blood pressure appears to occur for every doubling of blood lead
concentration in adult males and something less than 1.0-2.0 mm Hg for adult females. The
plausibility of these relationships observed in epidemiologic studies of human populations
being of a causal nature is supported by controlled experimental animal studies demonstrating
increased blood pressure effects clearly attributable to lead, with an apparent biphasic dose-
response relationship being involved (i.e., blood pressure elevations at low lead dose levels
and possible blood pressure reductions at very high lead exposure levels).

The implications of lead-induced blood-pressure increases with regard to potential
increased risk for other, more serious cardiovascular outcomes still remain to be more clearly
delineated. As noted by Tyroler and other discussants at the 1988 Symposium mentioned
above, essentially any increase in blood pressure carries with it likely increased risk (albeit
however small) for stroke, heart attack, and/or associated mortality. As such, projections of
potential lead effects on such outcomes, as were modeled by Pirkle et al. (1985) and
discussed in the 1986 Addendum, are not unreasonable in view of the potentially very large
public health impacts; however, much caution must be exercised in accepting the validity of
any specific quantitative estimates derived from such projections in view of the uncertainties
associated with selection of the specific coefficients used for (1) blood-lead blood-pressure
relationships and (2) relationships between blood pressure increases and more serious
cardiovascular outcomes. The difficulty in directly demonstrating associations between lead
exposure and stroke, heart attacks, etc., lies in the very large study cohorts (many thousands
of subjects) that would be necessary to have sufficient statistical power to detect the relatively
small increased risk levels expected for the more serious cardiovascular outcomes. Some
newly available results (i.e., those of Schwartz, 1989) from at least one large-scale study help
to illustrate the possibility of detecting indications of such small increased risks in the general
population.
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ffl. NEUROBEHAVIORAL AND GROWTH EFFECTS IN INFANTS AND
CHILDREN
A major advance in the epidemiological investigation of the health effects of lead

occurred with the advent of independent but somewhat coordinated prospective studies of
child development. Some of the results of four such studies were discussed in the 1986
Addendum (U.S. Environmental Protection Agency, 1986b). Much of the same information,
with updating, was also presented in a critical review and interpretation by Davis and
Svendsgaard (1987). The four prospective studies in question were conducted in Boston,
Cincinnati, Cleveland, and Port Pirie, Australia.

Based on an assessment of these studies, the 1986 Addendum concluded that fetal lead
exposure could have undesirable effects on infant mental development, length of gestation,
and possibly other aspects of fetal development, with the most consistent evidence pertaining
to neurobehavioral function. In particular, "All of these studies taken together suggest that
neurobehavioral deficits, including declines in Bayley Mental Development Index scores and
other assessments of neurobehavioral function, are associated with prenatal blood lead
exposure levels on the order of 10 to IS /tg/dl and possibly even lower, as indexed by
maternal or cord blood lead concentrations" (U.S. Environmental Protection Agency, 1986b).

This update summarizes and assesses the evidence from these and other, more recent
studies, both individually and collectively, and draws conclusions regarding their implications
for regulatory decision-making.

Boston
As noted in the 1986 Addendum, a series of reports by Bellinger, Needleman, and their

colleagues (Bellinger et al., 1984a, 1985, 1986a,b) described the results of a longitudinal
study of early neurobehavioral development through the first two years of life in a cohort of
Boston children. More recent updates on this work have since been published by Bellinger
et al. (1987a, 1989a), covering the same period of development. The latter reports confirm
that performance on the Bayley Mental Development Index (MDI) at 6, 12, 18, and
24 months postnatally is inversely related to cord blood lead levels at birth and that the
amount of performance deficit in infants with cord blood lead levels of 10-25 pg/dl is
0.25-0.5 standard deviations, or approximately 4-8 points on the MDI (Table 2). Moreover,
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TABLE 2. INFANTS' MENTAL DEVELOPMENT INDEX SCORES
ACCORDING TO CORD BLOOD LEAD GROUP

Cord Blood
Lead Group 6 Months

Mental Development Index Score
12 Months 18 Months 24 Months

Unadjusted score
Low
Medium
High

Mem ± Standard Deviation

109.2 ± 12.9 113.1 ± 12.5
108.6 ± 12.0 115.4 ± 12.9
106.1 ± 11.1 108.7 ± 12.8

Mem ± Standard Error

113.4 ± 15.5
116.6 ± 16.7
109.5 ± 17.5

115.9 ± 17.2
119.9 ± 14.4
110.6 ± 16.5

Controlled for potential
Low
Medium
High

p value**

No. of infants

confounders*
110.2 ± 1
108.0 ± 1
105.9 ± 1

0.095

201

.3

.3

.4

114.7 ±
114.4 ±
108.9 ±

0.020

199

1.6
1.5
1.6

116.
114.
109.

0.

2 ±
8 ±
5 ±

049

1.9
1.9
2.0

187

118.9 ±
117.8 ±
111.1 ±

0.006

182

1
1
1

.8

.7

.8

•"Least-squares mean ± standard error, derived from regression equations that included 12 potential
confounders and cord blood lead group coded as two indicator variables.

"""Indicates p value associated with the F ratio that evaluates whether the mean Mental Development Index for
any cord blood lead group differed significantly from the common mean after potential confounders were
controlled for.

Source: Bellinger et al. (1987a).

Bellinger et al. (1989a) found that this association was evident in several different regression
models and was not an artifact of the approach they used in analyzing the data. In addition,
more detailed analyses showed that the average MDI deficit in high cord lead infants (blood
lead levels of 10-25 ng/dl) was not due to a disproportionate influence of results from infants
at higher (e.g., > 15 ng/dl) blood lead levels. That is, the MDI effect was evident across the
entire range of blood lead levels starting at 10 pg/dl, which reinforces the previous selection
of 10-15 /zg/dl as a blood lead level of concern for early developmental deficits (U.S.
Environmental Protection Agency, 1986b).

25



Other recent analyses by Bellinger et al. (1988) have focused on the interaction of lead-
related Bayley MDI deficits with socioeconomic status (SES). Even in the relatively
advantaged cohort of the Boston study, infants from less than the highest SES grouping
tended to have lower covahate-adjusted scores on the MDI. Moreover, the second-year MDI
performance of these "lower" SES children was adversely affected at lower blood lead levels
than was the performance of the higher SES children. Specifically, within the lower SES
grouping, infants with mid-range cord blood lead levels of 6-7 jtg/dl scored significantly
worse on the Bayley MDI than infants with low cord blood lead levels of < 3 /xg/dl.

Bellinger et al. (1987b, 1989b) have also recently reported preliminary results of later
testing of 170 children of the Boston cohort at about 5 years (57 months) of age on the
McCarthy Scales of Children's Abilities. They found that the association between cord blood
lead and cognitive performance, as measured by the General Cognitive Index (GCI) of the
McCarthy Scales, was no longer statistically significant at 57 months. However, the
relationship between blood lead level at 24 months postnatally and GCI scores was statis-
tically significant, even after adjusting for covariates and confounders (Table 3). The mean
24-month blood lead level was 6.8 /xg/dl (SD = 6.3). Other postnatal blood lead
measurements at 18 and 57 months were consistent with this association but failed to achieve
statistical significance. The size of the deficit amounted to approximately 3 GCI points for
every natural log unit increment in blood lead level.

Bellinger et al. (1989b) examined the change in cognitive performance of children from
24 to 57 months of age in relation to pre- and postnatal lead exposure levels and various
sociodemographic variables. Improvement in relative performance was associated with lower
blood lead levels at 57 months, higher SES, higher HOME scores, higher maternal IQ, and
female gender. Conversely, the risk of an early deficit persisting to 5 years of age was
increased in children with higher prenatal lead exposure (10-25 jtg/dl) and either high
postnatal exposure or less favorable sociodemographic factors. For example, "if two children
with high cord blood lead achieved the same MDI score at 24 months, but one had a low
blood lead level [<3 /tg/dl] at 57 months while the other had a high [> 10 /zg/dl] level, the
child with lower exposure would be expected to have a GCI score that is 0.61 standard
normal deviate units higher..., [which] corresponds to a difference of 9.8 points" (Bellinger
et al., 1989b). Similar comparisons of males and females with high cord blood lead levels
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TABLE 3. CHANGE IN McCARTHY GENERAL COGNITIVE INDEX (GCI)
AND SUBSCALE SCORES ASSOCIATED WITH EACH

NATURAL LOG UNIT INCREASE IN BLOOD LEAD LEVEL

Age at
Measurement

of Blood
Lead Level

(months)

6

12

18

24

57

GCI

0.28 ± 1.29*
.83**

-1.43 ± 1.25
.25

-1.62 ± 1.39
.25

-2.95 ± 1.42
.040

-2.28 ± 1.88
.23

Verbal

0.75 ± 0.93
.42

-0.98 ± 0.89
.27

-0.19 ± 1.01
.85

-0.41 ± 1.04
.69

-1.06 ± 1.38
.44

Perceptual-
Performance

-0.72 ± 0.77
.35

-0.64 ± 0.79
.42

-0.72 ± 0.87
.41

-2.58 ± 0.88
.004

-2.33 ±1.13
.042

Quantitative

0.00 ± 0.76
.99

-0.09 ± 0.74
.90

-1.20 ± 0.82
.15

-1.45 ± 0.85
.088

0.13 ± 1.13
.91

Memory

0.82 ± 0.83
.33

-0.09 ± 0.81
.91

-0.52 ± 0.91
.57

-0.66 ± 0.94
.49

0.49 ± 1.25
.70

Motor

0.02 ± 0.81
.98

-0.82 ± 0.80
.31

0.30 ± 0.89
.74

-0.90 ± 0.92
.33

-1.89 ± 1.15
.10

^Parameter estimate ± standard error.

**p-value associated with the null hypothesis that the parameter estimate is zero.

Source: Bellinger et al. (19875).



indicated that boys scored 7.7 points lower than girls on the GCI, and children in the lower
SES grouping scored 13.3 points lower than those in the higher SES grouping.

Bellinger et al. (1987b) also evaluated the degree of disparity in McCarthy subscale
performance, since learning disabilities are often highly specific to certain cognitive functions.
A greater number of subscale discrepancies was associated with higher (> 10 jtg/dl)
concurrent (57 month) blood lead levels.

Interim results of a longitudinal study of inner-city children bom in Cincinnati, Ohio
were reported by Dietrich et al. (1986, 1987a) and summarized in the 1986 Addendum.
Structural equation modeling, a statistical method of examining relationships among factors
that may be both independent and dependent variables or mediators of effects, indicated that
prenatal lead exposure had an indirect effect on 6-month MDI and PDI (Psychomotor
Development Index) scores through its effects on gestational age and/or birth weight. Higher
prenatal (maternal) blood lead levels were associated with reduced gestational age and reduced
birth weight, which in turn were significantly associated with reduced MDI and PDI
performance.

Although the Cincinnati subjects were not grouped by blood lead levels for these
analyses, separate analyses of birth weight effects by Bomschein et al. (1989) investigated the
dose-response relationship by grouping into five 6-/*g/dl intervals. An increase in the
percentage of low birthweight newborns between the 7-12 /*g/dl grouping and the >13 ng/dl
grouping implied the possibility of a threshold for low birthweight effects (categorically
defined as less than 2750 g) in the vicinity of 12-13 /tg/dl, although a precise determination is
not possible and could extend as low as 7 /tg/dl or perhaps as high as 18 /xg/dl. To the extent
that low birthweight mediated the effect of lead on Bayley scores in the Cincinnati study, the
inferred information is consistent with the conclusion (U.S. Environmental Protection
Agency, 1986b) that a blood lead level of 10-15 pg/dl, and possibly lower, constitutes a level
of concern for impaired performance on the Bayley MDI.

Dietrich et al. (1987b, 1989a,b) later reported more complete results for various
neurobehavioral developmental outcomes in approximately 300 infants from the Cincinnati
study (Table 4). The children were tested on the Bayley Scales at 3, 6, 12, and 24 months of
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TABLE 4. RESULTS OF MULTIPLE REGRESSION ANALYSES EXAMINING THE
RELATIONSHIP BETWEEN BLOOD LEAD LEVEL AND PERFORMANCE

ON THE BAYLEY MENTAL INDEX AT 3-24 MONTHS OF AGE*

Blood Lead
Measure Qtg/dl)

Prenatal

Umbilical cord

10 day

3 month

Prenatal

Prenatal by
Child Sex

10 day

10 day by SES

Prenatal

Umbilical cord

10 day

Prenatal

10 day

3 month

Maximum 1st Year

Maximum 2nd Year

24 months

N

228

80

261

n.r.

249

283

258

98

257

237

270

270

270

270

270

Beta

3-month MDI
-.34

-.60

.06

-.23

6-month MDI
•0.89

1.53

-3.15

0.16

12-month MDI
0.09

•0.17

•0.62

24-month MDI
0.51

•0.02

0.24

0.24

0.10

0.13

Standard
Error

0.17

0.26

0.22

0.18

0.34

0.51

1.30

0.08

0.26

0.36

0.31

0.22

0.25

0.21

0.10

0.07

0.09

t
Value

-1.96

-2.30

0.26

-1.30

-2.60

2.98

-2.43

2.13

n.r.

n.r.

n.r.

2.31

-0.07

1.12

1.39

1.39

1.45

P
Value**

.05

.02

.79

.20

0.009

0.003

0.016

0.034

N.S.

N.S.

<0.04

0.022

0.948

0.262

0.166

0.166

0.149

*Betas adjusted for different sets of covahatea for each age of MDI testing.

**Two-tailed values.

Sources: Dietnch et al. (1987b, 1988, 1989b).
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age. After adjusting for covariates, deficits in 3- and 6-month Bayley MDI scores were
significantly associated with prenatal (maternal) and cord blood lead levels, confirming the
earlier, preliminary analyses of Dietrich et al. (1987a). The magnitude of the deficit in the
3-month MDI amounted to 6 points for every 10-^g/dl increment in cord blood lead; the
corresponding 6-month MDI deficit was nearly 7 points. Also, a conservative reanalysis
(Dietrich et al., 1989b) of the 6-month data using all potential covariates and confounders
confirmed earlier findings, although interactive effects with gender and SES were evident (see
below). However, neither prenatal nor cord blood lead measures were significantly related to
12-month MDI scores, although the association between neonatal (10-day) blood lead levels
and 12-month (as well as 6-month) MDI scores remained statistically significant (Dietrich
et al., 1989a). It should be noted that analyses of the 12-month data are not yet final.

By 24 months, no statistically significant negative relationships were detectable between
lead exposure variables (either pre- or postnatal) and MDI scores (Dietrich et al., 1989b).
Only one parameter estimate (for prenatal blood lead) achieved statistical significance (p =
0.022), and it was positive rather than negative.

In addition, the Bayley Infant Behavior Record (IBR) was administered at 12 and
24 months to assess the infants' social and emotional development (Dietrich et al., 1989a,b).
Factor analysis of the 30 IBR items at 24 months yielded principal factors of Sustained
Attention, Activity Level, and Positive Mood, which were used in regression analyses to
assess the effect of lead exposure. Lower scores on Sustained Attention and Positive Mood
factors were both significantly associated with increased neonatal (10-day) blood lead levels,
consistent with the 12-month MDI rektionship to neonatal blood lead (Dietrich et al., 1989a).
However, none of the 24-month IBR results achieved statistical significance. Bayley PDI
results were incomplete.

Dietrich et al. (1987b, 1989b) also found that gender and SES interacted with the lead
exposure-MDI relationship. Male infants and children from the lower half of the SES
distribution for this cohort were more sensitive to the effects of early lead exposure on
neurobehavioral development. For example, male infants showed an 8.67-point deficit on the
6-month MDI for every 10-jtg/dl increment in prenatal blood lead, and infants below the
sample median SES score had a 7.57-point deficit for every 10-jig/dl increment in neonatal
blood lead (Dietrich et al., 1989b).
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Dietrich et al. (1989b) interpreted their failure to detect a persistent effect of fetal lead
exposure on the 24-month Bayley Scales as probably due to a neurobehavioral catch-up
response, similar to that observed in infant twins (Wilson, 1986) or other infants
compromised during prenatal development (Tanner, 1981). Exploratory analyses indicated
that the greatest percentage increase in MDI raw scores (number of items passed) from age
3 months to 24 months was inversely related to prenatal lead exposure, birth weight,
gestation, and head circumference (Dietrich et al., 1989b). Thus, those infants with the
highest prenatal blood lead levels, lowest birth weight, shortest gestation, or smallest head
circumference showed the greatest degree of catch-up in postnatal neurobehavioral
development.

As previously noted, the Cincinnati study has also produced evidence of direct effects of
prenatal lead exposure on infant physical development at birth. Bornschein et al. (1989)
reported that initial results from 202 infants showed an inverse relationship between maternal
blood lead levels and both birth weight and length. Maternal blood lead samples were
obtained at the first prenatal visit (between 6 and 28 weeks of gestation; mean = 16 wks).
The mean maternal blood lead level was 7.6 /tg/dl (range: 1-26 /xg/dl). Exclusion criteria
included birth weight less than 1500 g, less than 35 weeks gestational age at birth, twin birth,
and serious medical conditions. Regression analyses considered 21 potential confounders and
covariates. The final regression model for birth weight showed that log maternal blood lead
was significantly related to birth weight, but interacted with maternal age to produce a
significant (p < 0.007) reduction in covariate-adjusted birth weight. Thus, the effect of each
natural log increment in blood lead varied from a birth weight reduction of 5 8.1 g for 18-
year-old mothers to a reduction of 600.1 g for 30-year-old mothers. Maternal blood lead and
race interacted to produce a significant reduction in birth length in white infants (p < 0.025).
Thus, the birth length of white infants decreased ~2.5 cm for each natural log increment in
maternal blood lead. Maternal blood lead showed no significant relationship to covariate-
adjusted head circumference or gestation length. Obstetrical complications and Apgar scores
also showed no relationship with lower birth weight or lead exposure.

Separate analyses of 861 women (including the 202 subjects just described) from the
Cincinnati cohort, but including pregnancies of not less than 20 weeks duration, also showed
a highly significant (p < 0.0006) negative relationship between maternal blood lead level and
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covariate-adjusted birth weight (Bornschein et al., 1989). Overall, this cohort had a decrease
of approximately 1 14 g in birth weight for each natural log increment in maternal blood lead.

Analyses of postnatal growth rates in a cohort of 260 children from the Cincinnati study
suggested an interactive effect of prenatal and postnatal lead exposure (Shukla et al., 1987,
1989). Splitting prenatal blood lead levels and the average increase in postnatal blood lead
levels at the median (7.7 /xg/dl for prenatal, 3.4 pg/dl for the postnatal increase) provided a
matrix of low/low, low/high, high/low, and high/high exposure conditions. Analysis of data
for 129 subjects in the high prenatal exposure classification indicated that covariate-adjusted
growth rates for stature over 3-15 months of age were significantly (p = 0.006) and
negatively related to the postnatal increase in blood lead level. No effect was seen for the
low prenatal exposure group. Thus, for infants whose prenatal blood lead levels were greater
than 7.7 jtg/dl, there would be, on average, a 2-cm difference in height at 15 months of age
between those infants who experienced no increase in postnatal blood lead and those who
experienced an increase of - 10 /ig/dl.

Other neurobehavioral test results from the Cincinnati study have also been reported by
Bhattacharya et al. (1988, 1989). Postural sway was assessed by an automated apparatus in
33 children at 6 years of age (Bhattacharya et al., 1988). Initial results indicated that
maximum blood lead level during the second year of life was significantly related to degree of
postural sway or imbalance at 6 years. Blood lead levels in this sample peaked during the
second year, averaging 25.6 /xg/dl (range: 9.3-49.4 pg/dl), measured quarterly. The later
report by Bhattacharya et al. (1989) covers 63 children and confirms the earlier results
showing a significant relationship between sway and second year maximum blood lead (r =
0.34, p = 0.02). Although more test results are needed to fully explore these effects, these
preliminary findings provide additional indications of neurobehavioral dysfunction during
early childhood exposure to lead.

As noted in the 1986 Addendum (U.S. Environmental Protection Agency, 1986b), the
prospective study conducted by Emhart and her colleagues has provided some direct as well
as indirect evidence of an effect of prenatal lead exposure on neurobehavioral development.
Ernhart et al. (1985a, 1986) reported significant associations between cord blood lead levels
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and measures of Abnormal Reflexes (on the Brazelton Neonatal Behavioral Assessment Scale:
NBAS) and Neurological Soft Signs (on the Graham-Rosenblith Behavioral Examination for
Newborns: G-R). Also, the G-R Muscle Tonus measure was significantly related to maternal
blood lead levels at delivery. However, restricting the analyses to only 132 pairs of mother-
infant data, Ernhart et al. found only the G-R Neurological Soft Signs to be significantly
related to cord blood lead. A brief report on later outcomes in this same cohort mentioned a
significant association between performance on the G-R Neurological Soft Signs scale and 12-
month MDI scores (Wolf et al., 1985). Thus, it is possible to infer a relationship between
cord blood lead levels and 12-month MDI performance in the Cincinnati study, although
Ernhart et al. (1985a, 1986) did not conclude that such an association exists. Since the mean
cord blood lead was 5.84 /zg/dl and the maximum was only 14.7 jig/dl, any effect of prenatal
lead exposure necessarily occurred at blood lead levels below 15 pg/dl.

Later reports by Ernhart and her colleagues (Ernhart et al., 1987, 1988; Emhart and
Morrow-Tlucak, 1989) presented more complete results from their continuing longitudinal
study (Table 5). The Bayley MDI was administered at 6, 12, and 24 months; the Bayley PDI
and the Kent Infant Development Scale (KID) at 6 months; and the Stanford-Binet IQ test at
36 months. Postnatal blood lead levels were measured at 6, 24, and 36 months. A total of
285 children from the original cohort of 389 were sampled for blood lead levels; N's for
individual analyses ranged from 109 to 165. After control for covariates, maternal blood lead
accounted for a significant amount of the variance in 6-month MDI, PDI, and KID scores.
Although these three relationships were all negative (higher PbB associated with lower
developmental scores), concurrent blood lead was positively related to the 6-month KID and
accounted for nearly as much variance as did maternal blood lead. Maternal blood lead levels
averaged 6.50 /xg/dl, with a maximum of 11.8 ng/dl; 6-month blood lead levels averaged
10.05 Mg/dl, with a maximum of 24.00 /ig/dl,

More recent results from testing these children at age 4 years, 10 months on the
Wechsler Preschool and Primary Scale of Intelligence (WPPSI) were reported by Ernhart and
Morrow-Tlucak (1987). Analyses were based on N's ranging from 117 to 211. Although
bivariate correlations were statistically significant for all PbB- WPPSI relationships except
6-month PbB, in no case did PbB account for a significant amount of the variance (by
two-tailed r test) after control for 13 covariates (Table 6).
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TABLE 5A. THE RELATIONSHIP OF FETAL (MATERNAL AND CORD) BLOOD LEAD
(PbB) LEVELS WITH LATER DEVELOPMENTAL OUTCOMES

Blood
Lead

Measure

Maternal

Cord

Incremental Regn
PbB With

Covariate Control

Developmental
Measure

6 Month MDI
6 Month PDI
6 Month KID
1 Year MDI
2 Year MDI
3 Year S-B IQ

6 Month MDI
6 Month PDI
6 Month KID
1 Year MDI
2 Year MDI
3 Year S-B IQ

N

127
127
119
145
142
138

113
113
109
127
125
120

r

-.24**
-.21*
-.28**
-.14
-.14
-.10

-.14
-.11

-!24**
-.15
-.21*

Covariate
Variance

0.2460
0.2485
0.1464
0.1887
0.3664
0.3894

0.2394
0.1891
0.1418
0.2327
0.3746
0.4393

Variance

0.0302
0.0295
0.0779
0.0002
0.0020
0.0059

0.0046
0.0006
0.0107
0.0146
0.0003
0.0125

t

-2.12*
-2.12*
-3.22***
-0.16

+0.48
-1-1.09

-0.76
-0.26
-1.07
-1.47
•0.21
-1.54

sssion Model
Race by PbB
Interactions

Variance

0.0161
0.0093
0.0182
0.0026
0.0000
0.0020

0.0056
0.0249
0.0051
0.0143
0.0002
0.0086

t

-1.57
-1.19
-1.56
-0.64
-0.01
-0.63

-0.74
+ 1.73
+0.74
-1.46
-0.13
-1.28

p <0.05, p <0.01, p * 0.002, two-Oiled tests.

TABLE 5B. THE RELATIONSHIP OF PRIOR AND CURRENT POSTNATAL BLOOD LEAD
(PbB) LEVELS WITH LATER DEVELOPMENTAL OUTCOMES

Blood
Lead

Measure
Developmental

Measure N

Simple
Correlation

Covariates

Incremental Regression Model
PbB with

Covariate
Control Interaction

6 month 6 month MDI
6 month PDI
1 year MDI
2 year MDI
3 year S-B IQ

146
146
131
126
126

.09

.06

.08

.03

.04

.29

.49

.40

.74

.65

.18

.19

.14

.30

.29

.000

.000

.02

.000

.000

.01

.01

.01

.00

.00

.31

.32

.25

.95

.49

.01

.00

.00

.00

.00

.34

.48

.51

.63

.87

2 year

3 year

2 year MDI
3 year S-B IQ

3 year S-B IQ

165
153

167

-.25
-.31

-.27

.000

.000

.000

.32

.31

.36

.000

.000

.000

.00

.01

.00

.95

.29

.98

.01

.00

.01

.07

.32

.08

*Two-tailed statistical test.

Abbreviations: MDI - Bayley Mental Development Index; PDI - Bayley Psychomotor Development Index; KID = Kent Infant
Development Scale; S-B IQ = Stanford-Binet Intelligence Quotient

Source: Ernhart et al. (1987, 1988).
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TABLE 6. THE RELATIONSHIP OF PRENATAL AND POSTNATAL LOG
BLOOD LEAD WITH IQ AT AGE FOUR YEARS, TEN MONTHS

Blood
Lead

Measure

Prenatal
Maternal
Cord

Postnatal
6 Months
2 Years
3 Years
Mean

IQ"

N

134
117

121
149
154
211

Full

^

-.23**
-.21*

-.06
-.38**
-.32**
-.26**

Scale
t

-0.27
-0.54

-0.08
-0.69

+0.30
+0.48

Verbal
r

-.25**
-.22*

-.07
-.36**
-.39**
-.30**

Scale
t

-0.49
-0.78

-0.26
-1.41
-1.58
-1.00

Pjj-fuinjW1U1IUI

r

-.23**
-.20*

-.08
-.34**
-.30**
-.26**

nee Scale
t

-0.48
-0.78

+0.10
+0.22
+0.96
+0.56

8 WPPSI scores except for two S-B IQ scores; latter two cases were necessarily excluded from the testa of the
Verbal and Performance Scales.

r describes the unadjusted relationship of the PbB and IQ measures; t is the test of the increment in variance
associated with the addition of PbB to the covariate variance in the IQ model.

*p <.05, **p <.01, two-tailed tests.

Source: Ernhart and Morrow-Tlucak (1987).

Language development in the Cleveland cohort was also assessed at age 1, 2, and
3 years (Morrow-Tlucak and Ernhart, 1987). The Sequenced Inventory of Communication
Development (SICD) was administered to assess expressive and receptive language
development. In addition, productive speech (quantity, length of utterance, vocabulary,
communicative intent, and intelligibility) was assessed at about 2 years. The number of
subjects for each of the analyses was not reported, but the number of blood lead
measurements over the period from delivery to 3 years ranged from 146 to 169. Alpha was
set at 0.01. Several bivariate correlations achieved statistical significance, but no relationship
achieved significance in multivariate F tests, although the regression analysis for cord PbB
and mean length of utterance was significant at p = 0.03. By backward elimination, lead
(cord PbB) remained in the model (at p $0.05) for two measures of language development:
mean length of utterance and one aspect of communicative intent ("expanded repetitions").
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However, concurrent (2-year) blood lead was positively related to one aspect of intelligibility
(a decrease in "unintelligible utterances").

Preliminary analyses of physical growth in the preschool period (up to 4 years,
10 months) revealed no significant negative relationship between either cord blood lead or
integrated postnatal blood lead and height or weight in an unspecified number of children
from the Cleveland study (Marler and Emhart, 1987). Earlier analyses (Ernhart et al., 1986)
of birth weight, length, and head circumference had shown no significant effect of either
maternal blood lead (N = 185) or cord blood lead (N = 162).

PortPlrie
Vimpani et al. (1985) reported preliminary neurobehavioral results for the prospective

study conducted in Port Pirie, South Australia. The Bayley MDI and PDI were administered
to 592 children at age 24 months. Initial results indicated that a decline in 24-month MDI
performance was significantly associated with postnatal blood lead levels both at 6 months and
integrated over the 24 months after birth. Although several covariates were taken into
account in these partial linear regression analyses, maternal IQ had been measured for only
part of the cohort and HOME scores had not yet been included in the analyses. Nevertheless,
as noted in the 1986 Addendum, the available information suggested that results from the Port
Pirie study were consistent with the other prospective studies in pointing to deficits on the
Bayley MDI as a function of perinatal lead exposure.

Although postnatal rather than prenatal lead exposure appeared to play a greater role in
the MDI deficits of the Port Pirie cohort, it has been noted that blood lead levels increased
considerably after birth, particularly from 6 to 15 months of age, and that earlier testing on
the Bayley Scales (e.g., at 6 months) might have revealed a more significant relationship with
a measure of prenatal lead exposure (U.S. Environmental Protection Agency, 1986b; Davis
and Svendsgaard, 1987). Indeed, the Port Pirie investigators have since stated that "the likely
greater impact of the much higher levels of PbB encountered postnatally" may have accounted
in part for the difference in their results versus the other prospective studies (Wigg et al.,
1988).

Later reports from the Port Pirie study have noted that the effect of postnatal blood lead
levels on the 2-year MDI was attenuated as more complete controls for maternal IQ and
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HOME scores were incorporated into the analysis, although all regression coefficients for
postnatal blood lead measures remained negative (Vimpani et ah, 1989; Wigg et al., 1988;
Baghurst et al., 1987). Elevations in 6-month blood lead continued to have the greatest
measurable impact on 2-year MDI scores, although the regression coefficient for 6-month
blood lead was only -0.16, with p «• 0.07, after controlling for at least 15 covariates. The
results indicated that "with other factors remaining constant, a child's MDI at 24 months will
be 1.6 points (equivalent to 1.5%) lower for every 10 /ig/dl rise in PbB at 6 months of age.
Moreover, in view of the fit of a linear model in multiple regression analysis, these findings
provide no evidence of a threshold effect" (Wigg et al., 1988).

Continuing study of the Port Pine cohort has yielded results for neurobehavioral
development at age four years (McMichael et al., 1988). The McCarthy Scales of Children's
Abilities were administered to 537 children within 6 months of their fourth birthday; N's for
individual analyses ranged from 463 to 534. Multiple regression analyses incorporating
18 covariates indicated that scores on the McCarthy GCI were significantly related to log-
transformed postnatal blood lead levels at 6, 24, and 36 months as well as an integrated
average for the four-year postnatal period (Table 7). Similar effects were also evident for the
McCarthy Perceptual-Performance and Memory Scales.

The largest single coefficient (-15.0; p = 0.04) was for the GCI and integrated postnatal
I average blood lead relationship, which indicates that GCI scores decreased by 15 points for

every 10-fold increment in blood lead. Alternatively stated, GCI scores declined
approximately 7.2 points as blood lead levels increased from 10 to 30 pg/dl. Further analyses
indicated that the relationship between lead exposure and GCI was as strong or even stronger
at blood lead levels below 25 jtg/dl than it was overall (geometric mean blood lead level
peaked at 2 years: 21.2 /xg/dl; integrated postnatal average: 19 /ig/dl). Other analyses
revealed no indication that GCI performance at four years was especially influenced by more
recent blood lead levels; rather, the effect of lead on the GCI appeared to be cumulative
across the entire postnatal period.

Pregnancy outcomes were also evaluated in the Port Pirie cohort (McMichael et al.,
1986). A significantly elevated risk of preterm (< 37 weeks) delivery was associated with
maternal blood lead levels above 14 pg/dl. Neither birth weight nor spontaneous abortions
(<20 weeks) showed a significant association with blood lead levels. However, blood lead
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TABLE 7. ESTIMATED COEFFICIENTS OF LOG BLOOD LEAD CONCENTRATION FROM SIMPLE
AND MULTIPLE REGRESSION ANALYSES OF MCCARTHY SCORES AT THE AGE OF FOUR YEARS*

00

Blood Sample

Prenatal avenge

Delivery

Cord

6 Month

IS Month

24 Month

36 Month

48 Month

Integrated postnatal
average

General Cognitive Index
Simple Partial

-15.1 ± 4.7
(0.001)

-10.4 ± 3.9
(0.008)

-6.1 ± 3.4
(0.08)

-15.1 ± 3.8
(<0.001)

-14.3 ± 3.8
(< 0.001)

-25.8 ± 4.3
(< 0.001)

-25.1 ± 4.3
(<0.001)

-20. 1 ± 4. 1
(<0.001)

-28.9 ± 5.5
(<0.001)

-1.8 ± 5.7
(0.75)

-0.4 ± 4.5
(0.93)

3.3 ± 4.1
(0.42)

-8.5 ± 4.4
(0.05)

-3.5 ± 4.8
(0.46)

-11.1 ± 5.4
(0.04)

-13.1 ± 5.6
(0.02)

-5.5 ± 5.1
(0.29)

-15.0 ± 7.3
(0.04)

Perceptual-Performance Scale
Simple Partial

-9.5 ± 2.7
(<0.001)

-5.1 ± 2.3
(0.03)

-3.0 ± 2.0
(0.13)

-7.8 ± 2.2
(<0.001)

-8.2 ± 2.2
(<0.001)

-13.5 ± 2.5
(<0.001)

-13.6 ± 2.5
(<0.001)

-11.2 ± 2.4
(<0.001)

-15.1 ± 3.2
(<0.001)

-4.1 ± 3.3
(0.22)

0.2 ± 2.7
(0.95)

1.6 ± 2.4
(0.50)

-4.8 ± 2.5
(0.06)

-3.2 ± 2.8
(0.26)

-6.2 ± 3.2
(0.05)

-7.7 ± 3.3
(0.02)

-4.0 ± 3.0
(0.18)

-8.3 ± 4.1
(0.05)

Memory
Simple

-4.8 ± 2.7
(0.07)

-4.9 ± 2.2
(0.03)

-3.0 ± 2.0
(0.12)

-4.9 ± 2.2
(0.03)

-5.3 ± 2.2
(0.01)

-13.4 ± 2.4
(<0.001)

-12.7 ± 2.4
(<0.001)

-10.3 ± 2.3
(<0.001)

-13.3 ± 3.1
(<0.001)

Scale
Partial

2.0 ± 3
(0.54)

-0.4 ± 2
(0.89)

2.6 ± 2
(0.27)

-2.4 ± 2
(0.34)

•0.5 ± 2
(0.87)

-7.3 ± 3
(0.02)

-7.2 ± 3
(0.27)

-4.1 ± 3
(0.17)

-7.9 ± 4
(0.06)

.3

.6

.5

.5

.7

.1

.2

.0

.2

The partial regression coefficients are from analyses incorporating 18 covariates. The p values are for assessments of the two-sided hypothesis that the estimates
are not zero.

Source: McMichael et al. (1988).
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levels of mothers who had stillbirths were significantly lower than those who had live births
(7.9 vs. 10.4 Mg/dl). As discussed in the 1986 Addendum and by Davis and Svendsgaard
(1987), this seemingly paradoxical relationship might reflect increased transfer of lead from
the mother to the fetus, resulting in greater fetal toxicity and stillbirth. Vimpani et al. (1989)
reported preliminary results of an analysis of tissue lead concentrations in cord and placenta!
membrane and body that are consistent with this hypothesis. Placenta! membrane and body
concentrations of lead were higher in cases of late fetal deaths and preterm births than for
normal births. However, the number of cases analyzed was limited (e.g., 6 stillbirths,
23 preterm births) and statistical analyses have not been completed.

Sydney
Reports have recently started to emerge from a longitudinal study of children in Sydney,

Australia (Cooney et al., 1989a, 1989b; McBride et al., 1989). Of an original cohort of 318,
298 mothers and infants were sampled for blood lead levels at birth. After 3 years,
215 children remained in the study. A second cohort of 123 children was also recruited
because of "concern over the possible contamination of some of the early capillary blood
samples" (Cooney et al., 1989b). However, the results reported by Cooney et al. (1989a)
apparently pertain to the original cohort only. Geometric mean blood lead levels for mothers
and infants at birth were 9.1 and 8.1 jtg/dl, respectively (overall range: 0-29 ng/d\).
Although blood lead measures were also taken at 6, 12, 18, 24, 30, and 36 months (McBride
et al., 1989), the postnatal values were not considered in the analysis of neurobehavioral
outcomes during the first three years. The Bayley MDI and PDI were administered at 6, 12,
and 24 months, and the McCarthy GCI and Motor Scales were administered at 36 months.
Other outcomes were also evaluated but the results have not yet been reported.

Unadjusted bivariate correlations between blood lead levels (either maternal or cord) and
cognitive and psychomotor outcomes (either Bayley or McCarthy Scales) were generally
small, positive, and nonsignificant (Table 8). The only statistically significant simple
correlations were for the relationship between cord blood lead and the 12-month Bayley MDI
(r = 0.153, p <0.05, two-tailed) and PDI (r - 0.167, p <0.05, two-tailed). However, the
direction of the relationship was positive, i.e., as blood lead increased, Bayley scores
increased. After adjustment for covariates, the contribution of blood lead to the variance in
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TABLE 8. REGRESSION OF DEVELOPMENTAL INDICES ON MATERNAL
AND CORD BLOOD LEAD LEVELS

Simole Correlations ffect of Covariates
Incremental Effect

of Lead
Age

6 Months
Cognitive
Psychomotor

12 Months
Cognitive
Psychomotof

24 Months
Cognitive
Psychomotor

36 Months
Cognitive
Psychomotor

Maternal

-.044
.035

.015

.081

.006

.021

.040

.015

Cord

-.061
.025

.153*

.167*

.053
-.060

.045

.010

-ST

.136

.153

.177

.106

.219

.081

.165

.081

F

3.16 <
3.63 <

df - 13,261

4.08 <
2.23 <

df - 13,245

4.79 <
1.49 >

df - 13,222

3.11 <
1.39 >

df - 13,204

P

.001

.001

.001

.01

.001

.10

.001

.10

R^

.008

.003
df

.008

.019
df

.001

.013
df

.001

.001
df

F

1.22
0.46
- 2,259

1.17
2.60
- 2,243

.19
1.54

= 2,220

.13

.10
=- 2,202

P

>.25
>.60

>.30
.08

>.70
>.20

>.70
>.90

*p < .05, two-tailed test.

Source: Cooney et al. (1989a).

the regression model approached significance only for the positive relationship between cord
blood lead and 12-month Bayley PDI (p = 0.08, two-tailed).

Regression analyses and path models indicated that the greatest influences on MDI and
PDI scores at 6 and 12 months were gestational age and HOME scores, while at later ages
HOME and parental characteristics (maternal IQ and education) were the more important
influences on cognitive measures. The fact that Bayley scores accounted for a significant
amount of the variance in regressing HOME scores on prior HOME scores in two instances
(12-month PDI for the 12- versus 6-month HOME and 36-month MDI for the 36- versus
24-month HOME) raises the question of whether lead exposure (e.g., maternal blood lead)
might have covaried with HOME scores. This particular relationship apparently was not
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examined by the investigators. However, the authors did examine the relationships between
maternal/cord blood lead and gestational age, which were shown to be statistically
nonsignificant (as were also birth weight, obstetrical complication, and postnatal risk factors).

Cooney et al. (1989b) reported the results of testing the Sydney cohort at 4 years of age
on the McCarthy GCI and Motor Scales. At 4 years, 207 children of the original cohort
remained in the study. In addition to maternal and cord blood lead samples at delivery,
postnatal blood lead samples were taken every 6 months. Geometric means for capillary and
venous blood samples combined rose from 15 pg/dl at 6 months to a peak average of
16.4 /zg/dl at 18 months and then declined to 10.1 /tg/dl at 48 months.

Bivariate and partial (correcting for venous versus capillary collection) correlations
between 48-month McCarthy Scales and blood lead levels at different ages were generally
quite small, mixed in sign, and uniformly nonsignificant. Analyses using composite blood
lead measurements (averaged over 12-month periods) produced only one significant
relationship, a positive correlation (r = 0.160; p <0.05, two-tailed) between first year blood
lead and GCI performance (Table 9). However, after allowing for covariates, regression
analysis showed the relationship to be only marginally significant (p <0.07). Analysis of
covariance did not indicate that change in developmental outcome from 36 to 48 months was
significantly related to either current (48 month) or cumulative (current and prior) past lead
exposure, although cumulative lead was a better predictor (p = 0.14) than current lead
exposure alone (p = 0.36) for GCI scores. HOME score was stated to be the most important
covariate for the GCI, apart from the 36-month GCI.

Mevico Citv
Preliminary results of a pilot study in Mexico City for a longitudinal investigation of

developmental outcomes related to lead exposure and other factors have been reported by
Rothenberg et al. (1989a,b). Approximately SO mothers were sampled for blood lead levels
at 36 weeks (M36) of pregnancy and delivery (MD); umbilical cord blood lead (UQ was also
sampled at delivery. Mean blood lead levels were: M36, 15.0 Mg/dl; MD, 15.4 jig/dl; and
UC, 13.8 /tg/dl. The Brazelton Neonatal Behavioral Assessment Scale (NBAS) was
administered to the infants at 48 hours and 15 and 30 days after birth. The data were
analyzed by calculating the trend of the NBAS subscale scores over the first 30 days by linear

41



TABLE 9. REGRESSION OF DEVELOPMENTAL INDICES AT 48 MONTHS
ON CURRENT AND PRIOR BLOOD LEVELS

Age

Prenatal:
Cognitive
Motor

First Year:
Cognitive
Motor

Second Year:
Cognitive
Motor

Third Year:
Cognitive
Motor

Fourth Year:
Cognitive
Motor

All Prior and Current:
Cognitive
Motor

AR2

.004

.001

.023

.003

.001

.001

.001

.008

.001

.005

.044

.022

Unadjusted
df

2,204
2,204

1,205
1,205

1,205
1,205

1,205
1,205

1,205
1,205

6,200
6,200

P

.36

.91

.03

.46

.82

.60

.70

.20

.88

.32

.17

.72

AR2

.009

.002

.013

.001

.002

.004

.003

.006

.001

.001

.028

.018

Adjusted
df

2,199
2,199

1,199
1,199

1,199
1,199

1,199
1,199

1,199
1,199

6,193
6,193

P

.14

.55

.07

.67

.60

.33

.76

.26

.76

.96

.14

.56

Source: Cooney et tl. (1989b).

regression analysis and by computing the difference in M36 and MD values or M36 and UC
values. The relationships among the various primary and secondary measures were then
examined through bivariate correlations and multivariate regression analyses.

Based on preliminary data analyses reported at a 1986 conference, Rothenberg et al.
(1989a) initially reported that statistically significant bivariate correlations were found:
between UC blood lead and the 30-day trend in NBAS Abnormal Reflexes (p <0.05);
between the M36-MD blood lead difference and Regulation of States (p <0.05); and between
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the MD-UC blood lead difference and Abnormal Reflexes (p <0.01) — all reflecting
impairment of function. Also, stepwise regression modeling with all covariates entered before
lead was reported to show that: blood lead differentials (M36-MD; MD-UC) accounted for a
significant portion of the variance in the Abnormal Reflexes trend; the M36-MD differential
accounted for a significant amount of variance in Regulation of States; but UC alone was no
longer significantly related to Abnormal Reflexes. Rothenberg et al. (1989a) also reported
that evaluations of physical development outcomes at birth in their cohort indicated that:
M36-MD and M36-UC each accounted for a significant amount of variance in birthweight
(p <0.05); M36-UC accounted for significant amount of variance in chest circumference
(p < 0.054); and UC and M36-UC accounted for a significant amount of the variance in trunk
length (p - 0.06)

Upon further analysis of their dataset, however, Rothenberg et al. (1989b) reported that
Abnormal Reflexes were not significantly associated with any of the lead measures and no
simple lead measure yielded significant effects on any of the perinatal outcomes in multiple
regression analyses. On the other hand, several outcome variables (Regulation of States,
Autonomic Regulation, and Gestation Age) were statistically significantly related to composite
lead measures (i.e., M36-MB, MB-UC, M36-UC). Generally, increases in the blood lead of
the mother during the last month of pregnancy (indexed by the M36-MB and M36-UC
differentials) or an umbilical cord lead higher than the mother's blood lead (MB-UC
differential) were associated with deleterious changes in the last-noted outcome variables.
Rothenberg et al. (1989b) interpreted their findings as indicating that either (1) the deleterious
effects were related to increases in blood lead levels of the mother and fetus during the last
several weeks of pregnancy or during delivery (regardless of initial maternal blood lead values
before the increase) or (2) the negative outcomes were related to increased stress factors
during late pregnancy or delivery that also raised maternal and fetal blood lead levels.

Yugoslavia
A longitudinal study involving two communities in Yugoslavia, Titova Mitrovica and

Pristina, has been undertaken by Graziano et al. (1989a,b; Murphy et al., 1990).
T. Mitrovica is a major lead smelter and industrial site, whereas Pristina, 40 km to the south,
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serves as a relatively non-exposed control community. The analyses completed thus far have
been retrospective as well as prospective. Only reproductive outcomes have been reported.

Of the first 1032 women enrolled in the study, 639 (304 in T. Mitrovica; 335 in
Pristina) had had at least one pregnancy (only first pregnancies were considered in the
analysis) and had lived at their current address at least since their first pregnancy. Geometric
mean blood lead levels at the time of initial interview were 15.9 pg/dl in T. Mitrovica and
5.1 /ig/dl in Pristina. The rate of spontaneous abortions (fetal loss prior to 7th month) was
not significantly different in the two communities: 16.4% of T. Mitrovica women versus
14.0% of Pristina women reported such loss. Graziano et al. (1989b) noted that they had
systematically attempted to demonstrate an association between lead exposure and spontaneous
abortion and that their failure to detect such an association suggested that it did not exist at
the levels of exposure encountered in their samples.

A preliminary analysis of prospective data from 907 births (401 in T. Mitrovica; 506 in
Pristina) indicated that mean birthweights did not differ significantly between the two
communities: 3308 g (SD = 566) in T. Mitrovica versus 3361 g (SD = 525) in Pristina.
Geometric mean blood lead levels were 17.1 /tg/dl in the former and 5.1 j*g/dl in the latter
mothers. Regression analysis controlling for several covariates also failed to show any
significant relationship between mid-pregnancy blood lead levels and birthweight.

Glasgow
Following a cross-sectional duplicate diet study that showed, among other things, an

inverse relationship between gestational age and lead exposure during pregnancy (Moore
et al., 1982a), Moore et al. (1982b) initiated a prospective study of the neurobehavioral
effects of lead in children born in Glasgow, Scotland. A major source of lead exposure for
this population was its plumbosolvent drinking water. However, subsequent to a successful
program to control the plumbosolvency of the water supply for Glasgow, average blood lead
levels declined substantially (Richards and Moore, 1984). Notwithstanding this complication
in the design of their prospective investigation, Moore et al. (1989) undertook to assess
whether prenatal or perinatal lead exposure was associated with birth outcomes or postnatal
neurobehavioral development.
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Their study sample consisted of 151 subjects drawn from an initial pool of 885 families.
Based on maternal blood lead levels during pregnancy, three groups, matched for social class,
were created: high fe30 /*g/dl, mean = 33.05), medium (15-25 /*g/dl, mean = 17.73), and
low (<10 /ig/dl, mean = 7.02). Infant blood lead levels were measured at 1 and 2 years of
age, but were not included in the reported analyses because of incomplete records.

Although birth weight appeared to be inversely related to maternal blood lead (a
reduction of nearly 100 g for each increment in blood lead grouping), no statistical analysis of
the data was reported. Birth length showed a slight trend in the opposite direction, and other
pediatric measures (head circumference, Apgar scores, obstetric complications) showed no
evident trend in either direction.

Unadjusted Bayley scores (MDI, PDI, and mean) at 1 and 2 years generally decreased
with increasing maternal blood lead grouping. However, stepwise linear regression analyses
indicated that birth weight, social class, and HOME scores accounted for Bayley Scales
performance better than lead exposure (as represented by maternal blood lead, water lead
concentration, or reported history of pica). Since birth weight was significantly related
inversely to lead exposure, it was removed from the model to see if the explanatory power of
one of the lead variables could be improved. Only second year pica showed a notable
improvement, although HOME score alone still had greater predictive ability for 2-year
Bayley scores than pica coupled with HOME score. An analysis of the Bayley EBR revealed
no consistent direction of association between lead exposure and IBR factors. Moore et al.
(1989) concluded that their dataset provided "no firm evidence for either a direct or an
indirect contribution of lead to decrements in cognitive development."

Christchurch
Fergusson and his colleagues (Fergusson and Purchase, 1987; Fergusson et al.,

1988a,b,c) collected shed deciduous teeth from more than 1000 children in Christchurch,
New Zealand to assess their long-term lead exposure and the relationship of such exposure to
neurobehavioral outcomes. Blood lead levels were not measured.

As reported by Fergusson et al. (1988b), IQ, reading ability, and school performance
were assessed in relation to dentine lead levels in samples of 664-886 children from an
original cohort of 1265 drawn from the Christehurch Child Development Study. The subjects
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were evaluated at ages 8 and 9 years on the WISC-R, the Hurt Reading Test, and by teachers'
ratings of reading, written expression, spelling, mathematics, and handwriting. All bivahate
correlations between these outcomes and dentine lead levels were in the predicted direction
(negative), and all but one (out of 18) were statistically significant at p <0.05 (one-tailed).
After correcting for test unreliability, dentine lead measurement error, sample selection
factors, and several covariates, the coefficients for the reading test and all five teacher ratings
at both ages 8 and 9 years remained significant. Further correction for pica (to test for the
reverse causality hypothesis that reduced cognitive ability results in more pica, which in turn
results in greater lead exposure) reduced the size of the correlations even more (ranging
from -0.07 to -0.14), but 7/12 of the correlations remained statistically significant at p <0.05
(Table 10).

TABLE 10. UNEXPLAINED CORRELATIONS BETWEEN LOG DENTINE
LEAD LEVELS TAKING INTO ACCOUNT TEST RELIABILITY,

CONFOUNDING COVARIATES, SAMPLE SELECTION FACTORS,
AND REVERSE CAUSALITY VIA PICA

Measure
8 yean

P*
9 years

Verbal IQ
Performance IQ
Total IQ
Burt reading test

Teacher ratings
Reading
Written expression
Spelling
Mathematics
Handwriting

-0.03
-0.02
-0.04
-0.07

-0.13
-0.13
-0.14
-0.08
•0.12

N.S.
N.S.
N.S.
<0.05

<0.001
< 0.001
<0.001
<0.10
<0.05

-0.02
-0.02
-0.03
-0.08

-0.08
-0.08
-0.09
-0.10
-0.08

N.S.
N.S.
N.S.

<0.05

<0.10
N.S.

<0.10
<0.05
<0.10

•One-tailed test.

Source: Fergusson et al. (1988b).

Fergusson et al. (1988c) also investigated the hypothesis that the demonstrated
relationship between lead exposure and school performance was due to lead-related deficits in
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attentional processes. Mothers' and teachers' ratings of signs of restless activity and
inattention at ages 8 and 9 years were correlated with dentine lead levels of 888 children
(Table 11). Several aspects of the ratings were significantly correlated with dentine lead,
with bivariate correlations for total rating scores ranging between 0.08 (p <0.05) and 0. 14
(p <0.01, one-tailed). Teachers' ratings were more tighly correlated with lead and were
also judged to be a more accurate measure of the children's behavior than were maternal
ratings. After correcting for measurement errors, sample selection factors, covariates, and
pica, the correlation between dentine lead and inattention/restless behavior was 0.08
(p <0.01) at both 8 and 9 years of age.

Although small, the corrected correlations between dentine lead and various outcomes
reflecting school behavior and performance were consistent and stable over a one-year interval
in the Christchurch study. The uniformity and stability of these results across time provide
compelling reason to judge the effects as real. However, this same study provided no
evidence that intelligence, as measured by the WISC-R at 8 or 9 years of age, was related to
dentine lead levels.

The lack of blood lead measurements makes it difficult to interpret the Christchurch
study for dose-response information. However, the mean dentine lead value in this study was
6 /ig/g, which may be compared to a mean dentine lead level of - 14.5 jtg/g found by
Needleman et al. (1979; see also Bellinger et al., 1984b) for a sample of 2335 Boston
children. Given the comparability of the methods employed by Fergusson (Fergusson and
Purchase, 1987; Fergusson et al., 1988a,b,c) and by Needleman et al. (1979), and an
estimated mean blood lead level on the order of 30 /tg/dl at age 2-3 years in the study by
Needleman et al. (1979), it is possible to infer that the average blood lead level of the
Christchurch cohort could have been roughly on the order of s!5 ^g/dl at age 2-3 years.
Although this estimate is rather imprecise and based on several assumptions, it suggests that
the level of lead exposure in the Christchurch study population was roughly comparable to
populations in some of the other studies under consideration here.

- Stolber

As noted in the 1986 Addendum, Winneke et al. (1985a,b) enrolled 1 14 children in
1982 from a population of 383 children born 6-7 years previously in Nordenham, Federal
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TABLE 11. PRODUCT MOMENT CORRELATIONS BETWEEN MATERNAL
OR TEACHER BEHAVIOR RATINGS AND LOG DENTINE LEAD VALUES

Measure
8 yean

P*
9 years

Maternal ratings

Activity
Restless, overactive
Excitable, impulsive
Constantly fidgeting
Always climbing
Squinny, fidgety

Attention
Short attention span
Inattentive, easily distracted
Can't settle to tasks

0.07
0.07
0.03
0.07
0.03

0.09
0.09
0.06

<0.05
<0.05
N.S.
<0.05
N.S.

<0.01
<0.01
<0.05

0.05
0.05
0.04
0.04
0.06

0.08
0.05
0.04

<0.10
<0.10
N.S.
N.S.
<0.05

<0.01
<0.10
N.S.

Total Score

Teacher ratings

Activity
Restless, overactive
Excitable, impulsive
Squirmy, fidgety
Very restless

Attention
Inattentive, easily distracted
Short attention span
Poor concentration

Total Score

0.11

0.09
0.03
0.11
0.10

0.16
0.11
0.13

0.13

<0.01

<0.01
N.S.
<0.001
<0.001

<0.001
<0.001
< 0.001

<0.001

0.08

0.11
0.10
0.13
0.13

0.14
0.12
0.12

0.14

<0.05

<0.001
<0.001
< 0.001
<0.001

<0.001
<0.001
<0.001

<0.001

"One-tailed test.

Source: Fergusson et al. (1988c).

Republic of Germany. An ongoing federal screening program of the Nordenham residents
had taken blood samples from mothers and cords at delivery. The maternal geometric mean
blood lead level was 9.3 /*g/dl (range: 4-31); for umbilical cord, it was 8.2 pig/dl (range:
4-30). When tested at age 6-7, the children's average blood lead level was again 8.2 ng/d\,
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but distributed differently (range: 4-23). In terms of accounting for a significant amount of
variance in various measures of reaction time performance, maternal blood lead was better
than cord; the combination of maternal and cord blood lead was better than either alone; and
the combination was about as good as concurrent blood lead. These relative standings are
probably only rough comparisons, since differences in the quality of the samples from
different sources and at different times could have affected these results (Winneke et al.,
1985a).

Retesting of 76 of the Nordenham children at age 9, with blood lead levels then
averaging 7.8 jtg/dl (range: 4-21), indicated some persisting deficits in reaction time test
performance related to blood lead levels 3 years earlier (Winneke et al., 1989a,b). WISC-R
performance was also significantly related to the preceding blood lead levels after correction
for confounding. Concurrent blood lead did not significantly account for either reaction time
or WISC-R performance at age 9, although it had (for reaction time errors) at age 6-7. No
results were reported for the relationship of 9-year outcomes to perinatal blood lead measures.

Analogous results as for the Nordenham children have recently been reported by
Winneke et al. (1989) for another cohort of 6 to 9 yr old children (N = 109) from Stolberg,
West Germany whose blood lead levels averaged 7.4 /tg/dl (range 4.2-18.0 /*g/dl).
Performance deficits on a serial choice reaction task were found to be significantly related to
lead exposure after correction for confounders. The authors noted that certain features of the
performance deficit resembled clinical observations for children with attention deficit
disorder.

Buffalo
A prospective study was recently initiated in the Buffalo, NY area by Shucard et al.

(1988a,b). Cord blood levels averaged ~4.4 jig/dl for 802 newboms. Outcomes have not
yet been reported.

Other Recent Studies
In addition to the longitudinal studies discussed above, several other studies of

neurobehavioral function in lead-exposed children have been reported since the 1986
Addendum. Although most appear to be well conducted, many of these studies are of
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high blood lead levels, or their primary reliance on tooth lead as an exposure indicator.
Despite its limitations, blood lead is currently the bioindicator of greatest utility for regulatory
decision-making purposes. Consequently, the following studies will be dis. -ad in less detail
than the prospective longitudinal studies described above.

A cross-sectional study of cognitive abilities and educational attainment in a population
of school-age children from central Edinburgh, Scotland has been reported by Fulton et al.
(1987) and Raab et al. (1989). The geometric mean blood lead level for the 501 children in
the study sample was 11.5 pg/dl (range: 3.3-34.0). Multiple regression analyses indicated
significant relationships between log-transformed blood lead levels and composite scores on
the British Ability Scales (p = 0.003) and between blood lead levels and attainment test
scores for quantitative (p = 0.04) and reading (p = 0.001) skills, even after allowing for
33 covariates. Grouping the subjects by blood lead levels showed a clear dose-response
relationship without any evident threshold down to the lowest subgroup mean blood lead level
of 5.6 pg/dl. More recently, Thomson et al. (1989) reported that significant associations
were found for the Fulton Edinborough study cohort between log blood lead levels and
teacher's ratings on the Rutter scale of aggressive/anti-social hyperactive, and overall deviate
behavior.

Hatzakis et al. (1987, 1989) conducted neuropsychological testing on 509 children living
near a lead smelter in Lavrion, Greece, and found impairments in WISC-RIQ scores and
reaction time performance scores. These effects were significantly associated with blood lead
levels after controlling for as many as 23 covariates in multiple regression models. Blood
lead concentrations ranged from 7.4 to 63.9 /xg/dl and averaged 23.7 jtg/dl. Depending on
the number of .covariates included in the model, full scale IQ decreased by 2.4-2.7 points for
every 10-/ig/dl increase in blood lead concentration. Subjects were grouped by blood lead
levels (10-fig/dl increments) to analyze dose-response relationships for IQ as well as reaction
performance scores. A nonlinearity in the dose-response pattern for IQ makes it difficult to
interpret these data for a threshold. However, reaction time performance showed no evident
threshold.

Wolf et al. (1987) used structural equation modeling to evaluate the variables related to
low-level lead exposure and infant mental development in an urban population in Costa Rica.
Blood lead levels averaged 10.8 jxg/dl (range: 5.4-21.5 n^/dl) in 182 subjects whose average
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Blood lead levels averaged 10.8 /tg/dl (range: 5.4-21.5 /xg/dl) in 182 subjects whose average
age was 16.6 months (range: 12-23 months). Blood lead had neither direct nor indirect
effects on the Bayley MDI. However, blood lead did have a significant negative relationship
with birth weight (p = 0.05) and mother's height (p = 0.001), as well as a positive
relationship with mother's age (p = 0.01), after adjustment for covariates. Birth weight, iron
deficiency anemia, and child's age had significant direct effects on MDI.

Vivoli et al. (1989) and Bergomi et al. (1989) measured lead concentrations in blood,
teeth, and hair, as well as ALA-D activity, in 237 children from Sassuolo, Italy. At the time
of the study, blood lead levels averaged -11.5 pg/dl. Although concurrent blood lead
measures showed no significant relationship to covariate-adjusted scores on any of six
neurobehavioral tests, tooth lead was significantly related to full scale and verbal WISC-R

|$ scores. Moreover, ALA-D was significantly associated with one verbal subtest of the WISC-
R and with delayed reaction time performance.

Tooth lead also accounted for a significant amount of the variance in WISC-R full scale
and verbal IQ as well as Bender Gestalt visual motor test performance in 156 children from
Aarhus, Denmark (Hansen et al., 1989). Circurapupal tooth lead levels averaged 10.7 pg/g.
A study of children in Brussels (Cluydts and Steenhout, 1989) showed marginally significant
(p <0.10) covariate-adjusted regression coefficients for tooth lead and neurobehavioral
outcomes (WISC-R, reaction time and attentional performance), despite the small (N = 41)
number of children evaluated.

In separate but similar studies conducted in Rhode Island and Lavrion, Greece, Faust
and Brown (1987) and Benetou-Marantidou et al. (1988), respectively, administered
neurobehavioral test batteries to small groups (N's of 15-30) of children whose blood lead
levels had been measured at — 30-60 /tg/dl. Significantly impaired performance was evident
by comparison to matched controls, even after blood lead levels had been below 30 pg/dl for
at least one year (Faust and Brown, 1987) or after a 4-year intervening period before follow-
up testing (Benetou-Marantidou et al., 1988).

In analyses of data from the second National Health and Nutrition Examination Survey,
Schwartz and Otto (1987) have also found evidence of retarded neurobehavioral development
and impaired neurosensory capability in relation to low-level lead exposure. The ages at
which a child first sat up, walked, and spoke were significantly associated with blood lead
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with other evidence linking low-level lead exposure to electrophysiological changes in the
auditory system (reviewed in U.S. Environmental Protection Agency, 1986a).

With regard to fetal growth effects, a recent report by Ward et al. (1987) indicated that
placental lead concentrations were highly significantly correlated with reductions in birth
weight, head circumference, and placental weight in 100 obstethcally normal births in
England. Gestational age was correlated at borderline statistical significance (p <0.10).
Dividing the data into two birthweight groups, low (<3000 g) and high (>4000 g), revealed
a highly significant difference in mean placental lead concentrations: 2.349 pg/g (S.D. =
0.883) versus 1.122 /xg/g (S.D. = 0.361) for low and high weight groups, respectively. Of
the 37 elements analyzed, lead and cadmium showed the most consistent negative
relationships with these fetal outcomes. Other factors, such as parity, sex of neonate, social
class, and history of miscarriage, did not appear to the authors to significantly confound their
results.

Conclusions
As noted in the 1986 Addendum (U.S. Environmental Protection Agency, 1986b),

prospective studies offer a major advantage over cross-sectional and even many retrospective
studies in that they provide a better history of lead exposure. This key difference is the
reason why more weight is placed on findings from prospective studies. However,
notwithstanding this advantage, prospective studies may have various types of shortcomings in
common with other epidemiological studies. One problem of particular importance is
statistical power, especially in longitudinal studies that typically experience attrition and
declining sample sizes over the course of the study.

The studies reviewed here differ considerably in population size and, even within some
studies, in the number of subjects included in individual analyses. To illustrate, the first
results from the Boston prospective study were based on analyses involving 201 infants out of
a cohort of 249 (Bellinger et al., 1987a). By 5 years, the analyses were based on 170
children (Bellinger et al., 1989b). While this rate of attrition is certainly not high, it does
nevertheless make it increasingly difficult to detect an effect of low-level lead exposure.
According to Cohen (1977), an N of over 400 subjects would be required to detect an effect
size (AR2) of 0.01 with a power of 0.80 at an alpha of 0.05, one-sided. This calculation
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assumes that the analysis includes 13 covariates having an R2 of 0.30. If the covahate R3 is
overestimated in the analysis for some reason (e.g., because of spurious sample correlations
between covariates and blood lead or because the covariates are involved in causal pathways
linking lead exposure to development), then regression methods may fail to detect a truly
significant association between lead and developmental outcomes.

Another factor that can affect the power to detect a significant relationship in these
studies is the amount of variance in the sample blood lead measures. A small standard
deviation in the independent variable (e.g., blood lead) will necessarily reduce any correlation
between it and a dependent variable (e.g., MDI scores). Also, the presence of a significant
effect of another variable on the outcomes under consideration will make it more difficult to
detect the effect of lead exposure by regression analysis. For example, over 50 percent of the
mothers enrolled in the Cleveland study were determined to be alcoholic, and significant early
developmental effects were shown to be alcohol-related in the Cleveland study population
(Emhartetal., 1985b).

Perhaps the most surprising outcome of the prospective studies as a whole, then, is that
so many of them are able to detect any effect of lead at all. Given the limitations of sample
size and power of most of the studies under consideration, one's confidence in the reality of
any detected effects that achieve statistical significance is enhanced. Conversely, it is difficult
to interpret a failure to detect a lead effect as suggesting the absence of an effect, if the
analyses in question were based on fewer than 400 subjects, as was generally the case.

Despite these limitations, some important conclusions emerge from the findings reported
above. Various lines of evidence still relate neurobehavioral effects to blood lead levels of
"10-15 /ig/dl, and possibly lower," as was previously concluded in the 1986 Addendum (U.S.
Environmental Protection Agency, 1986b). Further analyses from the Boston study, which
has provided the most direct information bearing on dose-response relationships for
neurobehavioral effects, not only supported the 10-15 pg/dl level of concern but indicated that
MDI deficits can be detected in relation to cord blood lead levels of 6-7 /ig/dl in lower SES
children (Bellinger et al., 1988). Since the Boston cohort was mostly middle to upper-
middle class, "lower" SES merely refers to less than the highest SES levels and is probably in
fact much closer to the median of the U.S. population than the term suggests. Although the
postnatal lead exposure levels were somewhat higher in the Port Pirie study, analyses of the
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relationship between postnatal blood lead levels and covariate-adjusted MDI scores provided
"no evidence of a threshold effect" (Wigg et al., 1988). Indeed, restricting the analysis to
children with blood lead levels below 25 jig/dl in the Port Pine study yielded an even
stronger association between covariate-adjusted McCarthy GCI scores and integrated postnatal
blood lead measures (McMichael et al., 1988).

Supporting evidence for the stated level of concern may also be derived from other
studies. Although McCarthy Scale results from the Boston study have not been analyzed in a
manner to allow direct extraction of dose-response information, the average blood lead level
significantly associated with covariate-adjusted performance on the McCarthy Scales (GCI and
Perceptual-Performance subscale) was 6.8 Mg/dl (SD = 6.3) (Bellinger et al., 1987b).
Similarly, analyses relating cord blood lead levels to the G-R Neurological Soft Signs and,
indirectly, to 12-month MDI scores were previously reported for the Cleveland study (Ernhart
et al., 1986; Wolf et al., 1985), along with more recent significant results, by more than one
analysis, relating cord blood lead to Length of Utterance, a measure of language development
in 24-month-old infants (Morrow-Tlucak and Emhart, 1987). Significant relationships were
also indicated for maternal blood lead and deficits in 6-month MDI, PDI, and KID scores in
the Cleveland cohort, but results of other analyses were mixed (Ernhart et al., 1987). Any
significant neurobehavioral effects associated with cord blood lead in the Cleveland study
necessarily occurred at levels below 15 jtg/dl since the maximum single cord blood lead level
measured was only 14.7 /xg/dl (mean: 5.84 /zg/dl). Moreover, the fact that significant
evidence of lead-associated impairments was found in a relatively small cohort (N's <200)
suggests that the work was carefully conducted and that the results are credible.

Some evidence from recent cross-sectional studies is also consistent with the identified
level of concern. The Edinburgh study (e.g., Fulton et al., 1987) shows a significant
relationship between blood lead levels averaging as low as 5.6 jig/dl and covariate-adjusted
scores of cognitive ability and educational attainment. As noted by Grant and Davis (1989),
this finding appears to closely parallel the results of Schroeder and Hawk (1987), whose
North Carolina cross-sectional study population showed IQ deficits in relation to blood lead
extending to levels as below 10 jtg/dl. The latter study was described in detail and evaluated
in the 1986 Air Quality Criteria for Lead (U.S. Environmental Protection Agency, 1986a). In
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addition, the reaction time performance results of Hatzalris et al. (1989) showed no evident
threshold over a blood lead range of 7.4 to 63.9 pg/dl.

Based on all of the above considerations, a blood lead concentration of 10-15 /ig/dl, and
possibly lower, remains the level of concern for impaired neurobehavioral development in
infants and children. Given the fact that such effects have been associated with blood lead
measures in pregnant women, umbilical cords, and infants up to at least 2 years of age, there
is no apparent distinction at present as to whether this level of concern applies to only fetuses
or infants or preschool-age children. Thus, a blood lead level of 10-15 /tg/dl, and possibly
lower, ought to be avoided in pregnant women, fetuses, infants, and young children, although
it is recognized that pregnant women per se are not necessarily a population at risk.

Various lines of evidence suggest mat lower SES and male gender may be additional
risk factors for the developmental effects of low-level lead exposure. Increased vulnerability
in lower SES children has been indicated in analyses of MDI scores (Bellinger et al., 1988)
and MDI-GCI change scores in the Boston study (Bellinger et al., 1989b) and in the MDI
results from Cincinnati (Dietrich et al., 1987b, 19895). Also, some IQ results from cross-
sectional investigations are consistent with the view that lower SES children are more
vulnerable to lead-induced cognitive impairment (Harvey et al., 1984; Lansdown et al., 1986;
Schroeder and Hawk, 1987). Greater susceptibility of male infants to lead developmental
toxicity has been evident in analyses of MDI-GCI change scores in the Boston study
(Bellinger et al., 19895), in MDI results from the Cincinnati study (Dietrich et al., 19875,
19895), in reanalyses of IQ data from the Southampton cross-sectional study (Pocock et al.,
1987), and in some early data on sex ratios of stillbirths in Port Pine and other locations
(Scragg et al., 1977). However, McMichael et al. (1988) found that the blood lead-GCI
regression coefficient was slightly higher for girls than for boys, although stratification by
gender did not significantly improve their model in repeated analyses.

The evidence regarding pregnancy outcomes and physical growth effects related to
prenatal lead exposure is less consistent than that for neurobehavioral outcomes. Such was
the case at the time of the 1986 Addendum (U.S. Environmental Protection Agency, 19865)
and is still the case simply because relatively little additional information pertaining to
pregnancy outcomes and growth has appeared since the 1986 assessment.
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As far as growth effects are concerned, the Cincinnati study has shown'a significant
covariate-adjusted reduction in birth weight associated with prenatal (maternal) blood lead
levels (Bomschein et al., 1989). In addition, early postnatal growth rates (over 3-15 months)
have also been associated with lead exposure pre- and postnatally in the Cincinnati study
(Shukla et al., 1987, 1989). (Interactions with other variables were evident in both of these
cases, which will be discussed further below.)

Some supporting evidence of lead-related reductions in birth weight also comes from the
Boston study and, possibly, the Glasgow study. Although birth weight per se showed no
relationship to cord blood lead in the Boston study, there was an exposure-related trend in the
percentage of small-for-gestational age infants that approached statistical significance
(Bellinger et al., 1984a). In Glasgow, the high maternal blood lead infants (mean: 33.05
/ig/dl) weighed 3.32 kg, on average, at birth, whereas the medium blood lead group (mean:
17.73 Mg/dl) weighed 3.43 kg and the low group (mean: 7.02 jtg/dl) weighed 3.51 kg (Moore
et al., 1989). However, these data were not adjusted for covariates and were not tested for
statistical significance.

No other prospective study has shown a significant association between reduced birth
weight and lead exposure. The Yugoslavian study (Graziano et al., 1989b; Murphy et al.,
1990), in particular, has failed thus far to yield any evidence of lead-related birthweight
reductions in more than 900 births, even at relatively high blood lead levels. Also, analyses
by Ernhart et al. (1986) showed no significant effect of lead on birth weight, birth length, or
head circumference; nor, according to preliminary analyses, was any effect evident on
postnatal growth (Marler and Erahart, 1987). However, the cross-sectional study by Ward et
al. (1987) did indicate highly significant simple relationships between placental lead
concentrations and reduced birth weight and head circumference.

The Port Pirie study provided strong evidence relating prenatal lead exposure to
increased risk of preterm delivery (<37 weeks gestation) in a sample of 749 pregnancies
(McMichael et al., 1986). Also, a small but significant relationship between prenatal lead
and gestational maturity was observed in the structural analyses of the Cincinnati study (e.g.,
Dietrich et al., 1987b). However, regression analyses of a different sample from the
Cincinnati study did not reveal a significant association between prenatal lead and preterm
(<35 weeks) deliveries (Bornschein et al., 1989). Also, as previously discussed in the 1986
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Addendum, the Boston prospective study showed a positive but nonsignificant relationship
between cord blood lead and gestation length (Bellinger et al., 1984a), whereas the
cross-sectional study of Moore et al. (1982a) found significant negative associations between
gestational age and matemal as well as cord blood lead after allowing for a number of
covariates. A reduction in gestational age was associated with an increase in maternal blood
lead level between the 36th week of pregnancy and delivery in the Mexico City pilot study
(Rothenberg et al., 1989b). Placenta! lead concentrations appeared to be inversely related to
gestation length in the analyses of Vimpani et al. (1989) and Ward et al. (1987), but were of
uncertain statistical significance.

There are many possible explanations for these apparent inconsistencies among studies.
The lack of a significant difference in pregnancy outcomes between the high exposure and
reference communities in Yugoslavia (Graziano et al., 1989a,b; Murphy et al., 1990) could
reflect the difficulty of assessing fetal lead exposure by means of maternal blood lead levels.
With regard to gestation length, Boraschein et al. (1989) noted that their analysis was
restricted to pregnancies of at least 35 weeks. A similar cutoff of 34 weeks was used in the
Boston prospective study (Bellinger et al., 1984a). Constraining the data in this fashion could
make it more difficult to detect an effect of lead on gestation. Also, there were interactions
involving mother's age and race evident in the Cincinnati study (Boraschein et al., 1989).
Thus, differences in the age of the mothers, racial make-up, other population characteristics,
sample sizes, level of lead exposure (past as well as current), and approaches to analyzing
data could underlie the varying results of different studies.

Based on the evidence reviewed here and in the 1986 Air Quality Criteria for Lead
(U.S. Environmental Protection Agency, 1986a), it seems likely that prenatal lead exposure
poses a potential hazard to the developing fetus in terms of reduced gestational length and
possibly other aspects of fetal growth (in addition to postnatal neurobehavioral development,
as already noted above). It is difficult, however, to derive a definitive dose-response
relationship for fetal outcomes from the available data, although some indications point to a
level of concern starting in the region of 10-15 pg/dl. The average maternal blood lead levels
in the studies where the pre-term delivery effect was clearest (Port Pirie and Glasgow) were
in the 10-15 /tg/dl range, in contrast to somewhat mixed findings in the Cincinnati, Boston,
and Cleveland studies where the maternal or cord blood lead levels averaged below 10 /xg/dl.
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A similar pattern seems to hold for birth weight as well. The strongest evidence of a
birthweight effect comes from the Cincinnati study, with some of their analyses suggesting
that such an effect could start in the region of 12-13 ng/dl, but possibly extending from 7 to
18 pg/dl. However, other prospective studies provide no support for this conclusion, and so
it must be considered an open issue awaiting more definitive resolution.

The issue of the persistence of the neurobehavioral effects needs to be considered in an
assessment of the risk of low-level lead exposure. If decreased scores on the Bayley Scales
reflected merely a transient delay in children's neurobehavioral development - a minor
perturbation that children could quickly "grow out or - then the public health significance of
lead exposure at blood lead levels of 10-15 pg/dl would perhaps be diminished. Some recent
results from two of the studies that had convincingly demonstrated a link between prenatal
lead exposure (either maternal or cord blood lead levels) and early deficits on the Bayley
Mental Development Index now suggest that the association between prenatal lead exposure
and cognitive development may not hold up at later ages. The Cincinnati study found a
declining influence of prenatal exposure indicators on MDI scores at 12 months and
24 months: only 10-day blood lead measures were significantly associated with MDI scores
at 12 months, and no significant negative PbB-MDI relationships were evident at 24 months
(Dietrich et al., 1989b). Although the Boston study did continue to find a significant
relationship between prenatal lead exposure (cord blood lead) and MDI performance at
24 months, no relationship could be shown for prenatal lead exposure and cognitive abilities
at 57 months on the McCarthy Scales (Bellinger et al., 1987b). Thus, one implication of
these findings might be that the effects of prenatal lead exposure on neurobehavioral
development are not permanent.

Such a conclusion could be valid, but the evidence available to support it is not
adequate. The inability to detect a continuing significant association between prenatal lead
exposure and neurobehavioral function at age 2 in the Cincinnati study or age 5 in the Boston
study could result from, among other things, a lack of adequate statistical power, as noted
above. Other factors could also interfere with detecting such a relationship and possibly
account for differing results in separate studies. For example, it is not clear which measure
of blood lead provides the best indicator of exposure during critical periods of organogenesis.
The Cincinnati study primarily used maternal blood samples obtained during the first or
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second trimester of pregnancy to indicate prenatal lead exposure. Prenatal exposure was also
reflected in samples taken from the Cincinnati infants 10 days after birth (gestationally
corrected), but comparatively few cord blood samples were available for data analysis. The
Boston study relied exclusively on cord blood samples while other studies have also sampled
the mother's blood around the time of delivery. As suggested previously (U.S.
Environmental Protection Agency, 1986b; Davis and Svendsgaard, 1987) and supported by
preliminary results from the Mexico City study (Rothenberg et al., 1989a,b), there may be
differences in these measures, particularly during the last month or so of pregnancy, that
reflect important biokinetic transfers of lead between compartments, both within the mother
and infant individually and between them.

In addition to the nature and extent of such biokinetic transfers, their timing (and the
point at which blood lead is sampled) could make an important difference in the ontogenesis
of neural structures and, consequently, later neurobehavioral function. It is interesting to
note, for example, that almost no significant negative associations have been found, after
covariate adjustment, between concurrent blood lead levels and postnatal outcomes in any of
the prospective studies reviewed here. Rather, cumulative past exposure (e.g., average
postnatal blood lead levels) or, in several instances, blood lead levels several months or years
prior to a given outcome have shown the strongest relationship to postnatal neurobehavioral
effects. Such a lagged effect has been suggested by several findings, as shown in Table 12.
Wlien significant positive (unpredicted) relationships between a measure of blood lead and
some outcome have occasionally been found, they generally involved concurrent blood lead
levels.

Thus, it may well be that the ability to detect a significant relationship between low-
level lead exposure and neurobehavioral outcomes depends, at least in part, on where and
when the measure of blood lead is obtained. Since the fetus and infant constitute the
population at greatest risk, it would be preferable to measure a direct indicator of their
exposure. However, that approach has not been as feasible as measuring a related indicator,
such as maternal or cord blood lead. (Even cord blood is sampled from the placental rather
than the fetal side and may therefore not fully reflect fetal exposure.) Consequently,
measures such as maternal and cord blood lead levels, while reasonably good indicators of
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TABLE 12. STRONGEST RELATIONSHIPS BETWEEN BLOOD LEAD MEASURES
AT SPECIFIED TIMES AND LATER NEUROBEHAV1ORAL OUTCOMES

AS DETECTED BY PROSPECTIVE STUDIES

Study
Time/Type

of Blood Lead Measure Outcome

(Bellinger
etal., 1987a,b)

Cincinnati
(Dietrich
etal., 1987b,
1988; Bhatta-
charyaet al.,
1988, 1989)

Cleveland
(Ernhart
etal., 1986,
1987; Wolf et
al., 1985;
Morrow-Tlucak
& Ernhart, 1987)

Pt. Pirie
(Wiggetal.,
1988; McMichael
etal., 1988)

Sydney
(Cooney etal.,
19895)

Delivery/cord

2yr

Prenatal (x: 16 wk)/maternal

10 day

2yr

Delivery/cord

Delivery/maternal

Delivery/cord

6 month

6, 24, 36 month and
integrated postnatal

Cumulative (prior plus
current)

6-, 12-, 18-, and
24-month MDI

5-yr McCarthy

3- and 6-month MDI

12-month MDI

6-yr postural sway

12-month MDI (via 30-day
G-R soft signs)

6-month MDI, PDI, KID

2-yr language acquisition
(2 measures)

2-yr MDI

4-yr McCarthy

36 to 48 month change in
cognitive development (p
0.14, two-tailed)

prenatal lead exposure, may not afford the most accurate predictors of later neurobehavioral
outcomes.

Another factor that could obscure a relationship between prenatal lead exposure and
postnatal neurobehavioral function and that could account for some differences in results
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among studies is the rather precipitous increase in lead exposure observed in most of the
prospective studies during the first 2-3 years of life. Sizeable rises in postnatal blood lead
levels were noted in the Cincinnati, Cleveland, and Port Pirie studies, but not in the Boston
study. None of the first three studies showed a significant association between prenatal lead
exposure indicators and 2-year MDI scores, but the Boston study did. While analyses from
the Boston study also indicated that continuing "high" lead exposure (> 10 pg/dl) contributed
to a persistence of neurobehavioral deficits at later ages, a high postnatal blood lead in the
Boston cohort was not as high as the average for any of the other prospective studies at age
2 years. Thus, the relationship between lead exposure at a critical stage of early development
and subsequent neurobehavioral function could be obscured by differential lead exposure
(most often, but not always, increased exposure) in the intervening period.

By this line of reasoning, one would perhaps expect that increased postnatal blood lead
measures should then show a significant relationship to later neurobehavioral outcomes. This
was in fact the case in the Port Pirie study, where sample size was more clearly large enough
to afford relatively good statistical power. (This also points up, as discussed above, why it is
not possible at present to discriminate between prenatal and postnatal lead exposure in stating
a blood lead level of concern for developmental neurobehavioral effects.)

It should also be kept in mind that scores on tests such as the Bayley or McCarthy
Scales are only indicators or reflections of neurobehavioral function. Such variables may be
valid and reliable measures, but they do not fully represent all aspects of a child's cognitive,
social, and emotional development. Thus, considerable caution must be exercised in drawing
conclusions from findings of "no effect." Not only are there many facets to a child's
development that need to be assessed, but these iacets may interact in complex ways that may
be quite difficult to detect or evaluate. For example, a child's emotional and social adaptation
(including such notions as "self-esteem") may be influenced in subtle as well as obvious ways
by his or her cognitive abilities. Findings of lead-related aggressive/antisocial behavior in the
Edinburgh cohort (Thomson et al., 1989) support this view.

Such complexities make it difficult to presume that a failure to detect a continuing
association between an indicator of prenatal lead exposure and, for example, scores on the
McCarthy Scales at 5 years is evidence of no permanent effect. It is well known that the
nervous system is capable of adapting to and even compensating for various insults during
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early development. But it is also true that the full realization of developmental potential can
very much depend on events during critical stages of ontogeny. A parallel may be drawn
with impaired language acquisition in children whose hearing has been affected by chronic
otitis media (e.g., Kavanagh, 1986). Although otitis media itself may be transient and fully
reversible, its secondary effects on language development in young children may be much
longer lived. As noted by Jenkins (1986), "With a fluctuating hearing loss, such children
may receive inconsistent and inadequate information, or may have to devote so much attention
to the decoding process itself that there is little capacity left over for higher-order cognitive
operations. If children are, in fact, doing something different or expending more resources
on lower levels of speech perception, we may see deficits in other processes at a later
period."

Important new evidence for the long-term persistence of lead-induced intellectual and
behavioral deficits has recently been reported by Needleman et al. (1990). In an 11-year
follow-up of children studied earlier at age 6-7 years, those children originally having high
dentin lead levels (> 20 ppm) had markedly higher rates of having a reading disability and of
dropping out of high school than lower lead children (dentin lead < 10 ppm). Also, higher
lead levels in earlier childhood were significantly related to lower class standing, increased
absenteeism, lower verbal scores, and poorer sensory-motor performance. These persisting
effects were detected a decade later when blood lead levels had declined to 7 /xg/dl or lower
(in contrast to the high-lead dentin group with blood lead levels averaging approximately
34 pg/dl at the time of the original study).

It is also important to note the convergence of animal findings, particularly those
showing impairments in higher-level behavioral processes such as discrimination reversal
learning in primates as well as rodents at blood lead levels below 20 /ig/dl. Although it is
difficult to precisely equate blood lead leads in different species, the parallels between humans
and animals in the developmental neurotoxicity of lead are striking in many respects (Davis
et al., 1990). Indeed, the similarity of the animal findings in the absence of socioeconomic
and other complex variables that sometimes complicate interpretation of the human data
provide compelling support for concluding that low level lead exposure and developmental
neurotoxicity in children are causally related and not merely associated artifactually.
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A remaining issue is whether the effects discussed here are large enough to constitute a
significant risk to public health. Valuable information has been provided by various
prospective studies on the magnitude of neurobehavioral deficits relative to increments in
blood lead levels. Despite different approaches to treating their data, three of the prospective
studies provide results suggesting that Bayley MDI scores decline by 2-8 points for
approximately every 10-/ig/dl increase in blood lead level. The Boston study found 4-8 point
differences in 6- to 24-month MDI scores between high (mean: 14.6 /ig/dl) and low (mean:
1.8 Aig/dl) cord blood lead groups. The Cincinnati study showed as much as an 8.4-point
decline in boys' 6-month MDI scores for every 10-/*g/dl increment in maternal blood lead.
Also, the Port Pirie study demonstrated a 1.6-point decrease in the 24-month MDI per
10 /zg/dl of blood lead at 6 months, and a ~3.5-point decrease in GCI scores for every
10 jxg/dl in average postnatal blood lead.

The implications of such deficits are more apparent when considered in population rather
than individual terms (Needleman, 1983; Davis, 1990). Figure 2 illustrates the effect of
shifting a normal distribution of MDI scores downward by 4 points. The lighter shaded area
is 50% of the darker area, which represents the children in a population who score 80 or
lower. Thus, even a 4-point shift in average performance results in a considerable increase in
subnormal scores. Since the MDI has a standard deviation of 16, a score of 80 is one
standard deviation below a mean of 96 and provides a convenient reference point for
illustration purposes. However, the impact of such a shift applies across the entire
distribution of scores, reducing the number of children scoring above the norm as well as
increasing the number scoring below the norm (Weiss, 1988).
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Figure 2. Normal distributions with means of 96 and 100 and standard deviations of 16.

Source: Davis (1990).
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ABSTRACT

The document evaluates and assesses scientific information on the health
and welfare effects associated with exposure to various concentrations of lead
in ambient air. The literature through 1985 has been reviewed thoroughly for
information relevant to air quality criteria, although the document is not
intended as a complete and detailed review of all literature pertaining to
lead. An attempt has been made to identify the major discrepancies in our
current knowledge and understanding of the effects of these pollutants.

Although this document is principally concerned with the health and
welfare effects of lead, other scientific data are presented and evaluated in
order to provide a better understanding of this pollutant in the environment.
To this end, the document includes chapters that discuss the chemistry and
physics of the pollutant; analytical techniques; sources, and types of
emissions; environmental concentrations and exposure levels; atmospheric
chemistry and dispersion modeling; effects on vegetation; and respiratory,
physiological, toxicological, clinical, and epidemiological aspects of human
exposure.
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GALT Gut-associated lymphoid tissue
GC Gas chromatography
GFR Glomerular filtration rate
HA Humic acid
Hg Mercury
hi-vol High-volume air sampler
HPLC High-performance liquid chromatography
i.m. Intramuscular (method of injection)
i.p. Intraperitoneally (method of injection)
i.v. Intravenously (method of injection)
IAA Indol-3-ylacetic acid
IARC International Agency for Research on Cancer
ICD International classification of diseases
ICP Inductively coupled plasma emission spectroscopy
IDMS Isotope dilution mass spectrometry
IF Interferon
ILE Isotopic Lead Experiment (Italy)
IRPC International Radiological Protection Commission
K Potassium
LDH-X Lactate dehydrogenase isoenzyme x
LCrn Lethyl concentration (50 percent)
LO^ Lethal dose (50 percent)
LH Luteinizing hormone
LIPO Laboratory Improvement Program Office
In Natural logarithm
LPS Lipopolysaccharide
LRT Long range transport
mRNA Messenger ribonucleic acio
ME Mercaptoethanol
MEPP Miniature end-plate potential
MES Maximal electroshock seizure
MeV Mega-electron volts
MLC Mixed lymphocyte culture
MMO Mass median diameter
MMAD Mass median aerodynamic diameter
Mn Manganese
MNO Motor neuron disease
MSV Moloney sarcoma virus
MTH Maximum tolerated dose
n Number of subjects or observations
N/A Not Available
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LIST OF ABBREVIATIONS (continued).

NA
NAAQS
NAD
NADB
NAMS
NAS
NASN
NBS
NE
NFAN
NFR-82
NHANES II
Ni
NTA
OSHA
P
P
PAH
Pb
PBA
Pb(Ac)?
PbB c

PbBrCl
PBG
PFC
pH
PHA
PHZ
PIXE
PMN
PND
PNS
P.O.
ppm
PRA
PRS
PWM
Py-5-N
RBC
RBF
RCR
redox
RES
RLV
RNA
S-HT
SA-7
S.C.
scm
S.D.
SDS
S.E.M.

Not Applicable
National ambient air quality standards
Nicotinamide Adenine Dinucleotide
National Aerometric Data Bank
National Air Monitoring Station
National Academy of Sciences
National Air Surveillance Network
National Bureau of Standards
Norepinephrine
National Filter Analysis Network
Nutrition Foundation Report of 1982
National Health Assessment and Nutritional Evaluation Survey II
Nickel
Ni tri1otri acetonitri1e
Occupational Safety and Health Administration
Phosphorus
Significance symbol
Para-aminohippuric acid
Lead
Air lead
Lead acetate
concentration of lead in blood
Lead (II) bromochloride
Porphobi1inogen
Plaque-forming cells
Measure of acidity
Phytohemaggluti ni n
Polyacrylamide-hydrous-zirconia
Proton-induced X-ray emissions
Polymorphonuclear leukocytes
Post-natal day
Peripheral nervous system
Per os (orally)
Parts per million
Plasma renin activity
Plasma renin substrate
Pokeweed mitogen
Pyrimide-5'-nucleotidase
Red blood cell; erythrocyte
Renal blood flow
Respiratory control ratios/rates
Oxidation-reduction potential
Reticuloendothelial system
Rauscher leukemia virus
Ribonucleic acid
Serotonin
Simian adenovirus
Subcutaneously (method of injection)
Standard cubic meter
Standard deviation
Sodium dodecyl sulfate
Standard error of the mean
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LIST OF ABBREVIATIONS (continued).

SES
SCOT
sig
SLAMS
SMR
Sr
SRBC
SRMs
STEL.
SW voltage
T-cells
t-tests
TBL
TEA
TEL
TIBC
TML
TMLC
TSH
TSP
U.K.
UMP
USPHS
VA

V^R
WHO
XRF
X^
Zn
ZPP

Socioeconomic status
Serum glutamic oxaloacetic transaminase
Surface immunoglobulin
State and local air monitoring stations
Standardized mortality ratio
Strontium
Sheep red blood cells
Standard reference materials
Short-term exposure limit
Slow-wave voltage
Thymus-derived lymphocytes
Tests of significance
Tri-n-butyl lead
Tetraethy1-ammoniurn
Tetraethyllead
Total iron binding capacity
Tetramethyllead
Tetramethyllead chloride
Thyroid-stimulating hormone
Total suspended particulate
United Kingdom
Uridine monophosphate
U.S. Public Health Service
Veterans Administration
Deposition velocity
Visual evoked response
World Health Organization
X-Ray fluorescence
Chi squared
Zinc
Erythrocyte zinc protoporphyrin

MEASUREMENT ABBREVIATIONS

d:
n
g
y/gj I
g/ - \ • mo
km/hr
1/min
mg/km
ug/m3
mm
Mm
|jmol
ng/cm2
nm
nM
sec
t

deciliter
feet
gram T

gram/gal Ion
gram/hectare-month
kilometer/hour
liter/minute
mi 11igram/kilometer
microgram/cubic meter
millimeter
micrometer
micromole
nanograms/square centimeter
nanometer
nanomole
second
tons
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GLOSSARY VOLUME II

A horizon of soils - the top layer of soil, immediately below the litter layer;
organically rich.

anorexia - loss of appetite.

anthropogenic - generated by the activities of man.

apoplast - extracellular portion of the root cross-section.

Brownian movement - the random movement of microscopic particles.

carnivore - meat-eating organism.

catenation - linkage between atoms of the same chemical element.

cation exchange capacity (CEC) - the ability of a matrix to selectively exchange
positively charged ions.

chemical mass balance - the input/output balance of a chemical within a defined
system.

coprophilic fungi - fungi which thrive on the biological waste products of
other organisms.

detritus - the organic remains of plants and animals.

dictyosome - a portion of the chloroplast structurally similar to a stack of
disks.

dry deposition - the transfer of atmospheric particles to surfaces by sedimen-
tation or impaction.

ecosystem - one or more ecological communities linked by a common set of
environmental parameters.

electronegativity - a measure of the tendency of an atom to become negatively
charged.

enrichment factor - the degree to which the environmental concentration of an
element exceeds the expected (natural or crustal)
concentration.

galena - natural lead sulfide.

gravimetric - pertaining to a method of chemical analysis in which the
concentration of an element in a sample is determined by weight
(e.g., a precipitate).

herbivore - plant-eating organism.

humic substances - humic and fulvic acids in soil and surface water.

xvi



hydroponically grown plants - plants which are grown with their roots immersed
in a nutrient-containing solution instead of
soi 1.

Law of Tolerance - for every environmental factor there is both a minimum and
a maximum that can be tolerated by a population of plants
or animals.

leaf area index (LAI) - the effective leaf-surface (upfacing) area cf a tree as
a function of the plane projected area of the tree canopy.

LC50 - concentration of an agent at which 50 percent of the exposed population
dies.

lithosphere - the portion of the earth's crust subject to interaction with the
atmosphere and hydrosphere.

mass median aerodynamic diameter (MMAD) - the aerodynamic diameter (in urn) at
which half the mass of particles in
an aerosol is associated with values
below and half above.

meristematic tissue - growth tissue in plants capable of differentiating into
any of several cell types.

microcosm - a small, artificially controlled ecosystem.

mycorrhizai fungi - fungi symbiotic with the root tissue of plants.

NAOP - National Atmospheric Deposition Program.

photolysis - decomposition of molecules into simpler units by the application
of light.

photosytem I light reaction - the light reaction of photosystem converts light
to chemical energy (ATP and reduced NADP).
Photosystem I of the light reaction receives ex-
cited electrons from photosystem II, increases
their energy by the absorption of light, and
passes these excited electrons to redox
substances that eventually produce reduced
NADP.

primary producers - plants and other organisms capable of transforming carbon
dioxide and light or chemical energy into organic compounds.

promotional energy - the energy required to move an atom from one valence
state to another.

saprotrophs - heterotrophic organisms that feed primarily on dead organic
material.

stoichiometry - calculation of the quantities of substances that enter into
and are produced by chemical reactions.
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stratospheric transfer - in the context of this document, transfer from the
troposphere to the stratosphere.

symplast - intracellular portion of the root cross-section.

troposphere - the lowest portion of the atmosphere, bounded on the upper level
by the stratosphere.

wet deposition - the transfer of atmospheric particles to surfaces by precipi-
tation, e.g., rain or snow.
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2. INTRODUCTION

According to Section 108 of the Clean Air Act of 1970, as amended in June 1974, a cri-
teria document for a specific pollutant or class of pollutants shall

. . . accurately reflect the latest scientific knowledge useful in indicating
the kind and extent of all identifiable effects on public health or welfare which
may be expected from the presence of such pollutant in the ambient air, in varying
quantities.

Air quality criteria are of necessity based on presently available scientific data, which
in turn reflect the sophistication of the technology used in obtaining those data as well as
the magnitude of the experimental efforts expended. Thus air quality criteria for atmospheric
pollutants are a scientific expression of current knowledge and uncertainties. Specifically,
air quality criteria are expressions of the scientific knowledge of the relationships between
various concentrations—averaged over a suitable time period—of pollutants in the same atmos-
phere and their adverse effects upon public health and the environment. Criteria are issued
to help make decisions about the need for control of a pollutant and about the development of
air quality standards governing the pollutant. Air quality criteria are descriptive; that is,
they describe the effects that have been observed to occur as a result of external exposure at
specific levels of a pollutant. In contrast, air quality standards are prescriptive; that is,
they prescribe what a political jurisdiction has determined to be the maximum permissible
exposure for a given time in a specified geographic area.

In the case of criteria for pollutants that appear in the atmosphere only in the gas
phase (and thus remain airborne), the sources, levels, and effects of exposure must be con-
sidered only as they affect the human population through inhalation of or external contact
with that pollutant. Lead, however, is found in the atmosphere primarily as inorganic parti-
culate, with only a small fraction normally occurring as vapor-phase organic lead. Conse-
quently, inhalation and contact are but two of the routes by which human populations may be
exposed to lead. Some particulate lead may remain suspended in the air and enter the human
body only by inhalation, but other lead-containing particles will be deposited on vegetation,
surface waters, dust, soil, pavements, interior and exterior surfaces of housing—in fact, on
any surface in contact with the air. Thus criteria for lead must be developed that will take
into account all principal routes of exposure of the human population.

This criteria document is a revision of the previous Air Quality Criteria Document for
.Lead (EPA-600/8-77-017) published in December, 1977. This revision is mandated by the Clean
Air Act (Sections 108 and 109), as amended U.S.C. §§7408 and 7409. The criteria document sets
forth what is known about the effects of lead contamination in the environment on human health
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and welfare. This requires that the relationship between levels of exposure to lead, via all
routes and averaged over a suitable time period, and the biological responses to those levels
be carefully assessed. Assessment of exposure must take into consideration the temporal and
spatial distribution of lead and its various forms in the environment.

This document focuses primarily on lead as found in its various forms in the ambient
atmosphere, in order to assess its effects on human health, however, the distribution and bio-
logica1 availability of lead in other environmental media have been considered. The rationale
for structuring the document was based primarily on the two major questions of exposure and
response. The first portion of the document is devoted to lead in the environment—its physi-
cal and chemical properties; the monitoring of lead in various media; sources, emissions, and
concentrations of lead; and the transport and transformation of lead within environmental
media. The later chapters are devoted to discussion of biological responses and effects on
ecosystems and human health.

In order to facilitate printing and distribution of the present materials, this Draft
Final version of the revised ERA Air Quality Criteria Document for Lead is being released in
the form of four volumes. The first volume (Volume I) contains the executive summary and con-
clusion'; chapter (Chapter 1) for the entire document. Volume II (the present volume) contains
Chapters 2-8, which include: the introduction for the document (Chapter 2); discussions of
the above listed topics concerning lead in the environment (Chapters 3-7); and evaluation of
lead effects on ecosystems (Chapter 8). The remaining two volumes contain Chapters 9-13,
which deal with the extensive available literature relevant to assessment of health effects
associated with lead exposure. In addition to the above materials, there is appended to
Chapter 1 an addendum specifically addressing: the complex relationship between blood lead
level and blood pressure; and the effects of fetal and pediatric exposures on growth and
neurobehavioral development.

An effort has been made to limit the document to a highly critical assessment of the
scientific data base through December, 1985. The references cited do not constitute an
exhaustive bibliography of all available lead-related literature but they are thought to be
sufficient to reflect the current state of knowledge on those issues most relevant to the
review of the air quality standard for lead.

The status of control technology for lead is not discussed in this document. For infor-
mation on the subject, the reader is referred to appropriate control technology documentation
published by the Office of Air Quality Planning and Standards (OAQPS), ERA. The subject of
adequate margin of safety stipulated in Section 108 of the Clean Air Act also is not explicit-
ly addressed here; this topic will be considered in depth by EPA's Office of Air Quality Plan-
ning and Standards in documentation prepared as a part of the process of revising the National
Ambient Air Quality Standard for Lead.
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3. CHEMICAL AND PHYSICAL PROPERTIES

3.1 INTRODUCTION
Lead is a gray-white metal of silvery luster that, because of its easy isolation and low

melting point (327.5°C), was among the first of the metals to be placed in the service of
civilization. The Phoenicians traveled as far as Spain and England to mine lead as early as
2000 B.C. The Egyptians also used lead extensively; the British Museum contains a lead figure
found in an Egyptian temple which possibly dates from 3000 B.C. The most abundant ore is
galena, in which lead is present as the sulfide (PbS); metallic lead is readily smelted from
galena. The metal is soft, malleable, and ductile, a poor electrical conductor, and highly
impervious to corrosion. This unique combination of physical properties has led to its use in
piping and roofing, and in containers for corrosive liquids. By the time of the Roman Empire,
it was already in wide use in aqueducts and public water systems, as well as in cooking and
storage utensils. Solder, type metal, and various antifriction materials are manufactured
from alloys of lead. Metallic lead and lead dioxide are used in storage batteries, and
metallic lead is used in cable covering, plumbing and ammunition. Because of its high nuclear
cross section, the lead atom can absorb a broad range of radiation, making this element an
effective shield around X-ray equipment and nuclear reactors.

This chapter does not attempt to describe all of the properties of lead for each
environmental medium. Additional discussions of the chemical properties of lead, as they
pertain to specific media such as air and soil, may be found in chapters 6 and 8.

3.2 ELEMENTAL LEAD
In comparison with the most abundant metals in the earth's crust (aluminum and iron),

lead is a rare metal; even copper and zinc are more abundant by factors of five and eight,
respectively. Lead is, however, more abundant than the other toxic heavy metals; its
abundance in the earth's crust has been estimated (Moeller, 1952) to be as high as 160 ug/g,
although some other authors (Heslop and Jones, 1976) suggest a lower value of 20 ug/g. Either
of these estimates suggests that the abundance of lead is more than 100 times that of cadmium
or mercury, two other significant systemic metallic poisons. More important, since lead
occurs in highly concentrated ores from which it is readily separated, the availability of
lead is far greater than its natural abundance would suggest. The environmental significance
of lead is the result both of its utility and of its availability to mankind. Lead ranks
fifth among metals in tonnage consumed, after iron, copper, aluminum and zinc; it is,
therefore, produced in far larger quantities than any other toxic heavy metal (Dyrssen, 1972).
The properties of elemental lead are summarized in Table 3-1.
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TABLE 3-1. PROPERTIES OF ELEMENTAL LEAD

Property Description

Atomic weight

Atomic number

Oxidation states

Density

Melting point

Boil ing point

Covalent radius (tetradehral)

Ionic radii

Resistivity

207.19

82

+2, +4

11.35 g/cm3 at 20 °C

327.5 °C

1740 °C

1.44 A

1.21 A (+2), 0.78 A (t-4)
.6

21.9 x 10 ohm/cm

Natural lead is a mixture of four stable isotopes: 204Pb (~1.5 percent), 206Pb (23.6
percent), 207Pb (22.6 percent), and 208Pb (52.3 percent). There is no radioactive progenitor
for 204Pb, but 206Pb, 207Pb, and 208Pb are produced by the radioactive decay of 238U, 235U,
and 232Th, respectively. There are four radioactive isotopes of lead that occur as members of
these decay series. Of these, only 2l°Pb is long lived, with a half-life of 22 years. The
others are 211Pb (half-life 36.1 min), 212Pb (10.64 hr), and 214Pb (26.8 min). The stable
isotopic compositions of naturally occurring lead ores are not identical, but show variations
reflecting geological evolution (Russell and Farquhar, 1960). Thus, the observed isotopic
ratios depend upon the U/Pb and Th/Pb ratios of the source from which the ore is derived and
the age of the ore deposit. The 206Pb/204Pb isotopic ratio, for example, varies from
approximately 16.5 to 21 depending on the source (Doe, 1970). The isotopic ratios in average
crustal rock reflect the continuing decay of uranium and thorium. The differences between
crustal rock and ore bodies, and between major ore bodies in various parts of the world, often
permit the identification of the source of lead in the environment.

3.3 GENERAL CHEMISTRY OF LEAD
Lead is the heaviest element in Group IVB of the periodic table; this is the group that

also contains carbon, silicon, germanium, and tin. Unlike the chemistry of carbon, however,
the inorganic chemistry of lead is dominated by the divalent (+2) oxidation state rather than
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the tetravalent (+4) oxidation state. This important chemical feature is a direct result of
the fact that the strengths of single bonds between the Group IV atoms and other atoms
generally decrease as the atomic number of the Group IV atom increases (Cotton and Wilkinson,
1980). Thus, the average energy of a C-H bond is 100 kcal/mole, and it is this factor that
stabilizes CH4 relative to CH2; for lead, the Pb-H energy is only approximately 50 kcal/raole
(Shaw and All red, 1970), and this is presumably too small to compensate far the Pb(II) -»•
Pb(IV) promotional energy. It is this same feature that explains the marked difference in the
tendencies to catenation shown by these elements. Though C-C bonds are present in literally
millions of compounds, lead catenation occurs only in organolead compounds. Lead does,
however, form compounds like Na4Pb9 which contain distinct polyatomic lead clusters (Britton,
1964), and Pb-Pb bonds are found in the cationic cluster [Pb60(OH)6]+4 (01 in and Soderquist,
1972).

A listing of the solubilities and physical properties of the more common compounds of
lead is given in Appendix 3A (Table 3A-1) (Weast, 1982). As can be discerned from those data,
most inorganic lead salts are sparingly soluble (e.g., PbF2, PbCl2) or virtually insoluble
(PbS04, PbCr04) in water; the notable exceptions are lead nitrate, Pb(N03)2, and lead acetate,
Pb(OCOCH3)2. Inorganic lead (II) salts are, for the most part, relatively high-melting-point
solids with correspondingly low vapor pressures at room temperatures. The vapor pressures of
the most commonly encountered lead salts are also tabulated in Appendix 3A (Table 3A-2)
(Stull, 1947). The transformation of lead salts in the atmosphere is discussed in Chapter 6.

3.4 ORGANOMETALLIC CHEMISTRY OF LEAD
The properties of organolead compounds (i.e., compounds containing bonds between lead and

carbon) are entirely different from those of the inorganic compounds of lead; although a few
organolead(II) compounds, such as dicyclopentadienyllead, Pb(C5H5)2, are known, the organic
chemistry of lead is dominated by the tetravalent (+4) oxidation state. An important property
of most organolead compounds is that they undergo photolysis when exposed to light (Rufman and
Rotenberg, 1980).

Because of their use as antiknock agents in gasoline and other fuels, the most important
organolead compounds have been the tetraalkyl compounds tetraethyllead (TEL) and
tetramethyllead (TML). As would be expected for such nonpolar compounds, TEL and TML are
insoluble in water but soluble in hydrocarbon solvents (e.g., gasoline). These two compounds
are manufactured by the reaction of the alky! chloride with lead-sodium alloy (Shapiro and
Frey, 1968):

4NaPb + 4C2H5C1 -» (C2H5)4Pb + 3Pb + 4NaCl (3-1)
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The methyl compound, TML, is also manufactured by a Grignard process involving the
electrolysis of lead pellets in methyl magnesium chloride (Shapiro and Frey, 1968):

2CH3MgCl + 2CH3C1 + Pb - (CH3)4Pb + 2MgCl2 (3-2)

A common type of commercial antiknock mixture contains a chemically redistributed mixture
of alkyllead compounds. In the presence of Lewis acid catalysts, a mixture of TEL and TML
undergoes a redistribution reaction to produce an equilibrium mixture of the five possible
tetraalkyllead compounds. For example, an equimolar mixture of TEL and TML produces a product
with a composition as shown below:

Component Mol percent
(CH3)4Pb 4.6
(CH3)3Pb(C2H5) 24.8
(CH3)2Pb(C2H5)2 41.2
(CH3)Pb(C2H5)3 24.8
(C2H5)4Pb 4.6

These lead compounds are removed from internal combustion engines by a process called
lead scavenging, in which they react in the combustion chamber with halogenated hydrocarbon
additives (notably ethylene dibromide and ethylene dichloride) to form lead halides, usually
bromochlorolead(II). Mobile source emissions are discussed in detail in Section 5.3.3.2.

Several hundred other organolead compounds have been synthesized, and the properties of
many of them are reported by Shapiro and Frey (1968). The continuing importance of organolead
chemistry is demonstrated by a variety of recent publications investigating the syntheses
(Hager and Huber, 1980; Wharf et al. , 1980) and structures (Barkigia et al. , 1980) of
organolead complexes, and by recent patents for lead catalysts (Nishikido et al., 1980).

3.5 FORMATION OF CHELATES AND OTHER COMPLEXES
The bonding in organometallic derivatives of lead is principally covalent rather than

ionic because of the small difference in the electronegativities of lead (1.8) and carbon
(2.6). As is the case in virtually all metal complexes, however, the bonding is of the
donor-acceptor type, in which both electrons in the bonding orbital originate from the carbon
atom.

The donor atoms in a metal complex could be almost any basic atom or molecule; the only
requirement is that a donor, usually called a ligand, must have a pair of electrons available
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for bond formation. In general, the metal atom occupies a central position in the complex, as
exemplified by the lead atom in tetramethyllead (Figure 3-la) which is tetrahedrally
surrounded by four methyl groups. In these simple organolead compounds, the lead is usually
present as Pb(IV), and the complexes are relatively inert. These simple ligands, which bind
to metal at only a single site, are called monodentate ligands. Some ligands, however, can
bind to the metal atom by more than one donor atom, so as to form a heterocyclic ring
structure. Rings of this general type are called chelate rings, and the donor molecules which
form them are called polydentate ligands or chelating agents. In the chemistry of lead,
chelation normally involves Pb(II), leading to kinetically quite labile (although
thermodynamically stable) octahedral complexes. A wide variety of biologically significant
chelates with ligands, such as amino acids, peptides, nucleotides and similar macromolecules,
are known. The simplest structure of this type occurs with the amino acid glycine, as
represented in Figure 3-lb for a 1:2 (metal:ligand) complex. The importance of chelating
agents in the present context is their widespread use in the treatment of lead and other metal
poisoning.

Metals are often classified according to some combination of their electronegativity,
ionic radius and formal charge (Ahrland, 1966, 1968, 1973; Basolo and Pearson, 1967; Nieboer
and Richardson, 1980; Pearson, 1963, 1968). These parameters are used to construct empirical
classification schemes of relative hardness or softness. In these schemes, "hard" metals form
strong bonds with "hard" anions and likewise "soft" metals with "soft" anions. Some metals
are borderline, having both soft and hard character. Pb(II), although borderline,
demonstrates primarily soft character (Figure 3-2) (Nieboer and Richardson, 1980). The terms
Class A and Class B may also be used to refer to hard metals and soft metals, respectively.
Since Pb(II) is a relatively soft (or class B) metal ion, it forms strong bonds to soft donor
atoms like the sulfur atoms in the cysteine residues of proteins and enzymes; it also coordin-
ates strongly with the imidazole groups of histidine residues and with the carboxyl groups of
glutamic and aspartic acid residues. In living systems, therefore, lead atoms bind to these
peptide residues in proteins, thereby preventing the proteins from carrying out their
functions by changing the tertiary structure of the protein or by blocking the substrate's
approach to the active site of the protein. As has been demonstrated in several studies
(Jones and Vaughn, 1978; Williams and Turner, 1981; Williams et al. , 1982), there is an
inverse correlation between the LD50 values of metal complexes and the chemical softness
parameter (op) (Pearson and Mawby, 1967). Thus, for both mice and Drosophila. soft metal ions
like lead(II) have been found to be more toxic than hard metal ions (Williams et al. , 1982).
This classification of metal ions according to their toxicity has been discussed in detail by
Nieboer and Richardson (1980). Lead(II) has a higher softness parameter than either
cadmium(II) or mercury(II), so lead(II) compounds would not be expected to be as toxic as
their cadmium or mercury analogues.
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Figure 3-3. Structure of chelating agents.

The role of the chelating agents is to compete with the peptides for the metal by forming
stable chelate complexes that can be transported from the protein and eventually be excreted
by the body. For simple thermodynamic reasons (see Appendix 3A), chelate complexes are much
more stable than monodentate metal complexes, and it is this enhanced stability that is the
basis for their ability to compete favorably with proteins and other ligands for the metal
ions. The chelating agents most commonly used for the treatment of lead poisoning are
ethyl enedi ami netetraacetate ions (EDTA), 0-pem'cillamine (Wgure 3-3) and their derivatives.
EDTA is known to act as a hexadentate ligand toward metals (Lis, 1978; McCandlish et al. ,
1978). X-ray diffraction studies have demonstrated that D-penicillamine is a tridentate
ligand binding through its sulfur, nitrogen and oxygen atoms to cobalt (de Meester and
Hodgson, 1977a; Helis et al., 1977), chromium (de Meester and Hodgson, 1977b), cadmium
(Freeman et al., 1976), and lead itself (Freeman et al., 1974), but both penicillamine and
other cysteine derivatives may act as bidentate ligands (Carty and Taylor, 1977; de Meester
and Hodgson, 1977c). Moreover, penicillamine binds to mercury only through its sulfur atoms
(Wong et al., 1973; Carty and Taylor, 1976).

It should be noted that both the stoichiometry and structures of metal chelates depend
upon pH, and that structures different from those manifest in solution may occur in crystals.
It will suffice to state, however, that several ligands can be found that are capable of
sufficiently strong chelation with lead present in the body under physiological conditions to
permit their use in the effective treatment of lead poisoning.
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3A.1 DATA TABLES

APPENDIX 3A

PHYSICAL/CHEMICAL DATA FOR LEAD COMPOUNDS

TABLE 3A-1. PHYSICAL PROPERTIES OF INORGANIC LEAD COMPOUNDS

Solubility, g/100 ml

Compound

Lead
Acetate
Azide
Bromate
Bromide
Carbonate
Carbonate,

basic
Chloride
Chlorobromide1

Chromate
Chromate,

basic
Cyanide
Fluoride
Fluorochloride
Formate
Hydride
Hydroxide
lodate
Iodide
Nitrate

Formula

Pb
Pb(C2H302)2
Pb(N3)2
Pb(Br03)2-H20
PbBr2
PbC03
2PbC03-Pb(OH)2

PbCl2
PbClBr
PbCr04
PbCr04-PbO

Pb(CN)2
PbF2
PbFCl
Pb(CH02)2
PbH2
Pb(OH)2
Pb(I03)2
PbI2
Pb(N03)2

M.W.

207.19
325.28
291.23
481. 02
367.01
267.20
775.60

278.10
322.56
323.18
546.37

259.23
245.19
261.64
297.23
209.21
241.20
557.00
461.00
331.20

S.G.

11.35
3.25
-
5.53
6.66
6.6
6.14

5.85
-

6.12
6.63

-
8.24
7.05
4.63
-
-
6.155
6.16
4.53

M.P.
(°C)

327.5
280
expl
d!80
373
d315
d400

501
430
844
-

-
855
601
d!90
Ld
d!45
d300
402
d470

Cold
water

i
44.3
0.023
1.38
0.8441
0.00011
i

0.99
0.6619

6xlO~6

i

si s
0.064
0.037
1.6
-

0.0155
0.0012
0.063
37.65

Hot
water

i
22150

0.0970

si s
4 .71100

d
i

3.34100

1.0343

i
i

s
-
0.1081
20
-

si s
0.003
0.41
127

Other
solvents

sa
s glyc
-
-
sa

sa.alk
s HN03

i al
-

sa.alk
sa.alk

5 KCN
s HN03
-

i al
-

sa.alk
s HN03
s.alk
s.alk
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TABLE 3A-1. (continued)

Solubility, g/100 ml

Compound

Nitrate, basic
Oxalate
Ox i de
Dioxide
Oxide (red)
Phosphate
Sulfate
Sulfide
Sulfite
Thiocyanate

Formula

Pb(OH)N03
PbC204
PbO
PbO.

Pb3(P04)2
PbS04
PbS
PbS03
Pb(SCN)2

M.W.

286.20
295.21
223.19
239.19
685.57
811.51
303.25
239.25
287.25
323.35

S.G.

5.93
5.28
9.53
9.375
9.1
7
6.2
7.5
-

3.82

M.P.

d!80
d300
888
d290
d500
1014
1170
1114
d
d!90

Cold
water

19.4
0.00016
0.0017
i
i
1.4xlO"5

0.00425
8.6x10

i
0.05

Hot
water

s
-
-
i
i
1

0.0056
-
i
0.2

Other
solvents

sa
sa

s,alk
sa
sa

s.alk
-
sa
sa

s.alk

lMelting point and solubility data from Corrin and Natusch (1977)

Abbreviations: a - icid; al - alcohol, alk - alkali; d - decomposes;
expl - explodes; glyc glycol; i - insoluble; s - soluble;
si s - slightly soluble, M.W. - molecular weight;
S.G. - specific gravity; and M.P. - melting point.

Source- Weast, 1982.
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TABLE 3A-2. TEMPERATURE AT WHICH SELECTED LEAD COMPOUNDS REACH
DESIGNATED VAPOR PRESSURES

Name

Lead
Lead bromide
Lead chloride
Lead fluoride
Lead iodide
Lead oxide
Lead sulfide

Formula

Pb
PbBr2
PbCl2
PbF2
PbI2
PbO
PbS

M.P.
(°C)

327.4
373
501
855
402
890
1114

Vapor Pressure (mm Hg)
1 mm

973°C
513
547

solid
479
943
852

(solid)

10 mm

1162°C
610
648
904
571
1085
975

(solid)

40 mm

1309°C
686
725
1003
644
1189
1048
(solid)

100 mm

1421°C
745
784
1080
701
1265
1108
(solid)

400 mm

1630°C
856
893
1219
807
1402
1221

760 mm

1744°C
914
954
1293
872
1472
1281

Source: Stull, 1947.

3A.2. THE CHELATE EFFECT
The stability constants of chelated complexes are normally several orders of magnitude

higher than those of comparable monodentate complexes; this effect is called the chelate
effect, and is very readily explained in terms of kinetic considerations. A comparison of the
binding of a single bidentate ligand with that of two molecules of a chemically similar mono-
dentate ligand shows that, for the monodentate case, the process can be represented by the
equations:

M + B M-B (3A-1)

(3A-2)

The related expressions for the bidentate case are:

(3A-3)
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The overall equilibrium constants, therefore, are:

IM = a c. K2 = __
k^kj" k2k4

For a given metal, M, and two ligands, B and B-B, which are chemically similar, it is
established that ki and k have similar values to each other, as do k2 and k. and k4 and k.:1 a * b * d
each of these pairs of terms represents chemically similar processes. The origin of the
chelate effect lies in the very large value of k3 relative to that of k . This comes about
because k3 represents a unimolecular process, whereas k is a bimolecular rate constant.
Consequently, K2 » K]..

This concept can, of course, be extended to polydentate ligands; in general, the more
extensive the chelation, the more stable the metal complex. Hence, one would anticipate,
correctly, that polydentate chelating agents such as penicillamine or EDTA can form extremely
stable complexes with metal ions.
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4. SAMPLING AND ANALYTICAL METHODS FOR ENVIRONMENTAL LEAD

4.1 INTRODUCTION
Lead, like all criteria pollutants, has a designated reference method for monitoring and

analysis as required in State Implementation Plans for determining compliance with the lead
National Ambient Air Quality Standard. The reference method [C.F.R. (1982) 40:§50] uses a
high volume sampler (hi-vol) for sample collection and atomic absorption spectrometry for
analysis. Inductively coupled plasma emission spectroscopy and X-ray fluorescence are also
reference methods for analysis. These and several other analytical procedures are discussed
in this chapter. The reference method for sample collection may be revised to require col-
lection of a specific size fraction of atmospheric particles.

Airborne lead originates principally from manmade sources (about 75 - 90 percent comes
from automobile exhaust; see Section 5.3.3.1) and is transported through the atmosphere to
vegetation, soil, water, and animals. Knowledge of environmental concentrations of lead and
the extent of its movement among various media is essential to control lead pollution and
assess its effects on human populations.

The collection and analysis of environmental samples for lead require a rigorous quality
assurance program [C.F.R. (1982) 40:§58]. It is essential that the investigator recognize all
sources of contamination and use every precaution to eliminate them. Potential lead contamin-
ation occurs on the surfaces of collection containers and devices, on the hands and clothing
of the investigator, in the chemical reagents, in the laboratory atmosphere, and on the lab-
ware and tools used to prepare the sample for analysis. General procedures for controlling
this contamination of samples in trace metal analysis are described by Zief and Mitchell
(1976); specific details are given in Patterson and Settle (1976). In the following discus-
sion of methods for sampling and analysis, it is assumed that all procedures are carried out
with precise attention to contamination control.

In the following sections, the specific operation, procedure and instrumentation involved
in monitoring and analyzing environmental lead are discussed. Site selection criteria are
treated only briefly, due to the lack of verifying data. Much remains to be done in estab-
lishing valid criteria for sampler location. The various types of samples and substrates used
to collect airborne lead are described. Methods for collecting dry deposition, wet deposi-
tion, and aqueous, soil, and vegetation samples are also reviewed along with current sampling
methods specific to mobile and stationary sources. Finally, advantages and limitations of
techniques for sample preparation and analysis are discussed.

4-1



4.2 SAMPLING
The purpose of sampling is to determine the nature and concentration of lead in the envi-

ronment. Sampling strategy is dictated by research needs. This strategy encompasses site
selection, choice of instrument used to obtain representative samples, and choice of method
used to preserve sample integrity. In the United States, sampling stations for air pollutants
have been operated since the early 1950's. These early stations were a part of the National
Air Surveillance Network (NASN), which has now become the National Filter Analysis Network
(NFAN). Two other types of networks have been established to meet specific data requirements.
State and Local Air Monitoring Stations (SLAMS) provide data from specific areas where pollu-
tant concentrations and population densities are the greatest and where monitoring of compli-
ance to standards is critical. The National Air Monitoring Station (NAMS) network is designed
to serve national monitoring needs, including assessment of national ambient trends. SLAMS
and NAMS stations are maintained by state and local agencies and the air samples are analyzed
in their laboratories. Stations in the NFAN network are maintained by state and local agen-
cies, but the samples are analyzed by laboratories in the U.S. Environmental Protection
Agency, where quality control procedures are rigorously maintained.

Data from all three networks are combined into one data base, the National Aerometric
Data Bank (NADB). These data may be individual chemical analyses of a 24-hour sampling period
arithmetically averaged over a calendar period, or chemical composites of several filter
samples used to determine a quarterly composite. Data are occasionally not available because
they do not conform to strict statistical requirements. A summary of the data from the NADB
appears in Section 7.2.1.

4.2.1 Regulatory Siting Criteria for Ambient Aerosol Samplers
In September of 1981, ERA promulgated regulations establishing ambient air monitoring and

data reporting requirements for lead [C.F.R. (1982) 40:§58] comparable to those already estab-
lished in May of 1979 for the other criteria pollutants. Whereas sampling for lead is accomp-
lished when sampling for total suspended particulates*(TSP), the designs of lead and TSP moni-
tor 'ny stations must be complementary to insure compliance with the NAMS criteria for each
pollutant, as presented in Table 4-1, Table 4-2, and Figure 4-1.

In general, the criteria with respect to monitoring stations designate that there must be
at east two SLAMS sites for lead in any area which has a population greater than 500,000 and/
or any area where lead concentration currently exceeds the ambient lead standard (1.5 ug/m3)
or has exceeded it since January 1, 1974. In such areas, the SLAMS sites designated as part
of the NAMS network must include a microscale or middlescale site located near a major roadway
[̂ 30,000 average daily traffic (ADT)], as well as a neighborhood scale site located in a
highly populated residential sector with high traffic density (£30,000 ADT).
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TABLE 4-1. DESIGN OF NATIONAL AIR MONITORING STATIONS

Category A

TSP

Pb

Category B

Pb

Conditions

High traffic and
population density

Major roadway

Major roadway

High traffic and
population density

Minimum number of
Spatial scale stations required

Neighborhood see Table 4-2

Microscale One

Middlescale One

Neighborhood One

Traffic
density

£30000

£30000

£10000
20000
£40000

noooo
20000
£40000

Required Siting of Station
Meters from Meters above

edge of roadway ground level

see Figure

5-15

15-50
15-75
15-100

> 50
> 75
>100

4-1

2-7

2-15
2-15
2-15

2-15
2-15
2-15

Source: C.F.R. (1982) 40:§58 App E.



TABLE 4-2. TSP NAMS CRITERIA

Popul

High

at ion Category

••- >500,000

Medium -- 100-500,000

Low - 50-100,000

Approximate

High1

6-8

4-6

2-4

number of stations

Concentration
Medium2

4-6

2-4

1-2

per area

Low3

0-2

0-2

0

'•When TSP concentration exceeds by 20% Primary Ambient Air Standard of 75 ug/m3 annual
geometric .nean

2TSP concentration > Secondary Ambient Air Standard of 60 ug/m3 annual geometric mean.
3TSP concentration < Secondary Ambient Air Standard.

Source' C.F.R. (1982) 40:§58 App 0.

With respect to the siting of monitors for lead and other criteria pollutants, there are
standards for elevation of the monitors above ground level, setback from roadways, and setback
from obstacles. A summary of the specific siting requirements for lead is presented in Table
4-1 and summarized below:

• Samples must be placed between 2 and 15 meters from the ground and greater than 20
.neters from trees.

Spacing of samplers from roads should vary with traffic volume; a range of 5 to
100 meters from the roadway is suggested.

Distance from samplers to obstacles must be at least twice the height the obstacle
protrudes above the sampler.

There must be a 270° arc of unrestricted air flow around the monitor to include
the prevailing wind direction that provides the maximum pollutant concentration to
the monitor.

• No furnaces or incineration flues should be in close proximity to the monitor.
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ZONE C (UNACCEPTABLE)

ZONE A (ACCEPTABLE

ZONE B NOT RECOMMENDED

10 20 25 30

DISTANCE FROM EDGE OF NEAREST TRAFFIC LANE, meten

Figure 41. Acceptable zone for siting TSP monitors where the average daily traffic exceeds 3000
vehicles/day.
Zone A: Recommended for neighborhood, urban, regional and most middle spatial scales. All NAMS are in this zone
Zone B: If SLAMS are placed in Zone B they have middle scale of representativeness.

Source: C.F.R. (1982) 40: S 58



To clarify the relationship between monitoring objectives and the actual siting of a mon-
itor, the concept of a spatial scale of representativeness was developed. The spatial scales
are described in terms of the physical dimensions of the air space surrounding the monitor
throughout which pollutant concentrations are fairly similar. Table 4-3 describes the scales
of representativeness while Table 4-4 relates monitoring objectives to the appropriate spatial
scale [C.F.R. (1982) 40:§58].

The time scale may also be an important factor. A study by Lynam (1972) illustrates the
effect of setback distance on short-term (15-minute) measurements of lead concentrations
directly downwind from the source. They found sharp reductions in lead concentration with in-
creasing distance from the roadway. A similar study by PEDCo Environmental, Inc. (1981) did
not show the same pronounced reduction when the data were averaged over monthly or quarterly
time periods. The apparent reason for this effect is that windspeed and direction are not
consistent. Therefore, siting criteria must include sampling times sufficiently long to
include average windspeed and direction, or a sufficient number of samples must be collected
over short sampling periods to provide an average value consistent with a 24-hour exposure.

4.2.2 Ambient Sampling for Particulate and Gaseous Lead
Airborne lead is primarily inorganic particulate matter (PM) but may occur in the form of

organic gases. Devices used for collecting samples of ambient atmospheric lead include the
standard hi-vol and a variety of other collectors employing filters, impactors, impingers, or
scrubbers, either separately or in combination. Some samplers measure total particulate
matter gravimetrically; thus the lead data are usually expressed in ug/g PM or ug/m3 air.
Other samplers do not measure PM gravimetrically; therefore, the lead data can only be
expressed as pg/m3 Some samplers measure lead deposition expressed in ug/cm2. Some instru-
ments separate particles by size. As a general rule, particles smaller than 2.5 urn are
defined as fine, and those larger than 2.5 urn are defined as coarse.

in a typica1 sampler, the ambient air is drawn down into the inlet and deposited on the
collection surface after one or more stages of particle size separation. Inlet effectiveness,
i^terna' wal '> losses, and retention efficiency of the collection surface may bias the
collected sample by selectively excluding particles of certain sizes.
1.2.2.} High Volume Sampler (hi-vol). The present SLAMS and NAMS employ the standard hi-vol
•sampler (Robson and Foster, 1962; Silverman and Viles, 1948; U.S. Environmental Protection
Agency. 1971) as part of their sampling networks. As a Federal Reference Method Sampler, the
hi-'o 1 operates with a specific flow rate range of 1.13 - 1.70 m3/min, drawing air through a
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TABLE 4-3. DESCRIPTION OF SPATIAL SCALES OF REPRESENTATIVENESS

Microscale Defines ambient concentrations in air volumes associated
with areas ranging from several to 100 m2 in size.

Middle scale Defines concentrations in areas from 100 to 500 m2
(area up to several city blocks).

Neighborhood scale Defines concentrations in an extended area of uniform
land use, within a city, from 0.5 to 4.0 km2 in
size.

Urban scale Defines citywide concentrations, areas from 4-50
km2 in size. Usually requires more than one
site.

Regional scale Defines concentrations in a rural area with homogeneous
geography. Range of tens to hundreds of km2.

National and global Defines concentrations characterizing the U.S. and the
scales globe as a whole.

Personal Defines air proximate to human respiration, usually
sampled with a portable pump.

Source: C.F.R. (1982) 40:§58 App. D; personal scale added in this report.

TABLE 4-4. RELATIONSHIP BETWEEN MONITORING OBJECTIVES AND
APPROPRIATE SPATIAL SCALES

Monitoring objective Appropriate spatial scale for siting air monitors

Highest concentration Micro, Middle, Neighborhood (sometimes Urban).

Population Neighborhood, Urban

Source impact Micro, Middle, Neighborhood

General (background) Neighborhood, Regional

Source: C.F.R. (1982) 40:§58 App. D.
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200 x 250 mm glass fiber filter. At these flow rates, 1600 - 2500 m3 of air per day are
sampled. Many hi-vol systems are presently equipped with mass flow sensors to control the
total flow rate through the filter.

The present hi-vol approach has been shown during performance characterization tests to
have a number of deficiencies. Wind tunnel testing by Wedding et al. (1977) has shown that
the collection characteristics of hi-vol samples are strongly affected by particle size, wind
speed and direction, and inlet size. However, since most lead particles have been shown to
have a mass median aerodynamic diameter (MMAO) in the range of 0.25 - 1.4 urn (Lee and
Goranson, 1972), the hi-vol sampler should present reasonably good estimates of ambient lead
concentrations. For particles larger than 5 urn, the hi-vol system is unlikely to collect
representative samples (McFarland et al., 1979; Wedding et al., 1977).
4.2.2.2 Dichotomous Sampler. The dichotomous sampler collects two particle size fractions,
typically 0 - 2.5 urn and 2.5 urn to the upper cutoff of the inlet employed (normally 10 urn).
The impetus for the dichotomy of collection, which approximately separates the fine and coarse
particles, was provided by Whitby et al. (1972) to assist in the identification of particle
sources. A 2.5 pm cutpoint for the separator was also recommended by Miller et al. (1979) be-
cause it satisfied the requirements of health researchers interested in respirable particles,
provided adequate separation between two naturally occurring peaks in the size distribution,
and was mechanically practical. Because the fine and coarse fractions collected in most loca-
tions tend to be acidic and basic, respectively, this separation also minimizes potential par-
ticle interaction after collection.

The particle separation principle used by this sampler was described by Hounam and
Sherwood (1965) and Conner (1966). The version now in use by EPA was developed by Loo et al.
(1979). The separation principle involves acceleration of the particles through a nozzle.
Ninetv percent of the flowstream is diverted to a small particle collector, while the larger
partii.les continue by inertia toward the large particle collection surface. The inertial vir-
tua! impactor design causes 10 percent of the fine particles to be collected with the coarse
oartirle fraction. Therefore, the mass of fine and coarse particles must be adjusted to allow
i-'o- their o^oss contamination. This mass correction procedure has been described by Dzubay et
v 0-982;.

'eflon5" membrane filters with pore sizes as large as 2.0 pm can be used in the dichoto-
iious sampler (Ozubay et al, 1982; Stevens et al. , 1980) and have been shown to have essen-
t i a l i 100 percent collection efficiency for particles with an aerodynamic diameter as small
as J.03 urn (Li^.: et al. , 1976; see Section 4.2.5). Because the sampler operates at a flowrate
<•«• l. irVhY (16/ I'min) and collects sub-milligram quantities of particles, a microbalance with
i i. ;jg resolution is recommended for filter weighing (Shaw, 1980). Removal of the fine par-
Hcle-5 via this fractionation technique may result in some of the collected coarse particles
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falling off the filter if care is not taken during filter handling and shipping. However,
Dzubay and Barbour (1983) have developed a filter coating procedure which eliminates particle

a>
loss during transport. A study by Wedding et al. (1980) has shown that the Sierra inlet to
the dichotomous sampler was sensitive to windspeed. The 50 percent cutpoint (Dso) was- found
to vary from 10 to 22 urn over the windspeed range of 0 to 15 km/hr.

Automated versions of the sampler allow timely and unattended changes of the sampler
filters. Depending on atmospheric concentrations, short-term samples of as little as 4 hours
can provide diurnal pattern information. The mass collected during such short sample periods,
however, is extremely small and highly variable results may be expected.
4.2.2.3 Impactor Samplers. Impactors provide a means of dividing an ambient particle sample
into subfractions of specific particle size for possible use in determining size distribution.
A jet of air is directed toward a collection surface, which is often coated with an adhesive
or grease to reduce particle bounce. Large, high-inertia particles are unable to turn with
the airstream; consequently, they hit the collection surface. Smaller particles follow the
airstream and are directed toward the next impactor stage or to the filter. Use of multiple
stages, each with a different particle size cutpoint, provides collection of particles in
several size ranges.

For determining particle mass, removable impaction surfaces may be weighed before and
after exposure. The particles collected may be removed and analyzed for individual elements.
The selection and preparation of these impaction surfaces have significant effects on the
impactor performance. Improperly coated or overloaded surfaces can cause particle bounce to
lower stages resulting in substantial cutpoint shifts (Dzubay et al., 1976). Additionally,
coatings may cause contamination of the sample. Marple and Will eke (1976) showed the effect
of various impactor substrates on the sharpness of the stage cutpoint. Glass fiber substrates
can also cause particle bounce or particle interception (Dzubay et al., 1976) and are subject
to the formation of artifacts, due to reactive gases interacting with the glass fiber, similar
to those on hi-vol sampler filters (Stevens et al., 1978).

Cascade impactors typically have 2 to 10 stages, and flowrates for commercial low-volume
versions range from about 0.01 to 0.10 mVmin. Lee and Goranson (1972) modified a commer-
cially available 0.03 nrVmin low-volume impactor and operated it at 0.14 mVmin to obtain
larger mass collections on each stage. Cascade impactors have also been designed to mount on
a hi-vol sampler and operate at flowrates as high as 0.6 - 1.1 mVmin.

Particle size cutpoints for each stage depend primarily on sampler geometry and flowrate.
The smallest particle size cutpoint routinely used is approximately 0.3 urn, although special
low-pressure impactors such as that described by Hering et al. (1978) are available with cut-
points as small as 0.05 urn. However, due to the low pressure, volatile organics and nitrates
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are lost during sampling. A membrane filter is typically used after the last stage to collect
the remaining small particles.
4.2.2.4 Dry Deposition Sampling. Dry deposition may be measured directly with surrogate or
natural surfaces, or indirectly using micrometeorological techniques. The earliest surrogate
surfaces were dustfal1 buckets placed upright and exposed for several days. The Health and
Safety Laboratory (HASL) wet-dry collector is a modification which permits one of a pair of
buckets to remain covered except during rainfall. These buckets do not collect a representa-
tive sample of particles in the small size range where lead is found because the rim perturbs
the natural turbulent flow of the main airstream (Hicks et al., 1980). They are widely used
for other pollutants, especially those found primarily on large particles, in the National
Atmospheric Deposition Program.

Other surrogate surface devices with smaller rims or no rims have been developed recently
(Eli as et al., 1976; Lindberg et al. , 1979; Peirson et al., 1973). Peirson et al. (1973)
used horizontal sheets of filter paper exposed for several days with protection from rainfall.

8 8Elias et al. (1976) used Teflon disks held rigid with a 1 cm Teflon ring. Lindberg et al.
(1979) used petri dishes suspended in a forest canopy. In all of these studies, the calcu-
lated deposition velocity (see Section 6.3.1) was within the range expected for small aerosol
particles.

A few studies have measured direct deposition on vegetation surfaces using chemical wash-
ing techniques to remove surface particles. These determinations are generally 4-10 times
lower than comparable surrogate surface measurements (Elias et al., 1976; Lindberg et al.,
1979), but the reason for this difference could be that natural surfaces represent net accumu-
lation rather than total deposition. Lead removed by rain, dripping dew, or other processes
juch as foliar uptake would result in an apparently lower deposition rate. In the Lindberg
.**. il (1979) study, leaves were collected during rainless periods and could not have been
irr^uenced by rain washoff. Removal by dew or intercepted fog dripping from the leaves could
not oe ruled out, but the explanation given by a subsequent report (Lindberg and Harriss,
1981) was that some dry deposition was absorbed by the foliage, that is, foliar uptake was
orcurring.

There are several micrometeorological techniques that have been used to measure particle
deposition. They overcome a deficiency of surrogate surfaces, the lack of correlation between
t.hr iatura' and artificial surfaces, but micrometeorological techniques require expensive
aquipment and s k i l l e d operators. They measure instantaneous or short-term deposition only,
.anr* this deposition is inferred to be to a plane-projected surface area only, not necessarily
tc vegetation surfaces.

Of the five micrometeorological techniques commonly used to measure particle deposition,
on"1/ two have been used to measure lead particle deposition. Everett et al. (1979) used the
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profile gradient technique by which lead concentrations are measured at two or more levels
within 10 m above the surface. Parallel meteorological data are used to calculate the net
flux downward. Droppo (1980) used eddy correlation, which measures fluctuations in the ver-
tical wind component with adjacent measurements of lead concentrations. The calculated dif-
ferences of each can be used to determine the turbulent flux. These two micrometeorological
techniques and the three not yet used for lead, modified Bowen, variance, and eddy accumula-
tion, are described in detail in Hicks et al. (1980).
4.2.2.5 Gas Collection. When sampling ambient lead with systems employing filters, it is
likely that vapor-phase organolead compounds will pass through the filter media. The use of
bubblers downstream of the filter containing a suitable reagent or absorber for collection of
these compounds has been shown to be effective (Purdue et al., 1973). Organolead may be col-
lected on iodine crystals, adsorbed on activated charcoal, or absorbed in an iodine »ono-
chloride solution (Skogerboe et al., 1977b).

In one experiment, Purdue et al. (1973) operated two bubblers in series containing iodine
monochloride solution. One hundred percent of the lead was recovered in the first bubbler.
It should be noted, however, that the analytical detection sensitivity was poor. In general,
use of bubblers limits the sample volume (and consequently the sample collection period) due
to losses by evaporation and/or bubble carryover. Birch et al. (1980) addressed this problem
by increasing the volume of iodine monochloride solution and modifying the inlet impinger to
reduce foaming. These authors reported a 97-99 percent collection efficiency of 100 to 500 ng
Pb in the first of two bubblers in series. Under ambient sample conditions, this procedure
can be used to collect a 24-48 hour sample, provided precautions are taken to retard the
decomposition of iodine monochloride by avoiding exposure to light. The sensitivity was
0.25 ng Pb/m3 for a 48-hour sample. "*

These procedures do not identify the specific organolead compound collected. Blaszkewicz
and Neidhart (1983) have described a technique for the quantitative identification of four
organolead compounds: tetramethyl lead, tetraethyl lead, trimethyl lead, and triethyl lead.
This technique requires a minimum sample size of 70 ng Pb, which is probably higher than
ambient under most collection conditions for a 24- to 48-hour sampling period.

4.2.3 Source Sampling
Sources of atmospheric lead include automobiles, smelters, coal-burning facilities, waste

oil combustion, battery manufacturing plants, chemical processing plants, facilities for scrap
processing, and welding and soldering operations (see Section 5.3.3). A potentially important
secondary source is fugitive dust from mining operations and from soils contaminated with
automotive emissions (Olson and Skogerboe, 1975). Chapter 5 contains a complete discussion of
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sources of lead emissions. The following sections discuss the sampling near potential sta-
tionary and mobile sources. Neither indoor nor personal monitoring for lead is performed
routinely for ambient situations, although Roy (1977) and Tosteson et al. (1982) discuss the
techniques used for personal sampling Under special circumstances (see Section 7.2.1.3.3).
4.2.3.1 Stationary Sources. Sampling of stationary sources for lead requires the use of a
sequence of samplers at the source of the effluent stream. Since lead in stack emissions may
be present in a variety of physical and chemical forms, source sampling trains must be de-
signed to trap and retain both gaseous and particulate lead. A sampling probe is inserted
directly in the stack or exhaust stream. In the tentative ASTM method for sampling for atmos-
pheric lead, air is pulled through a 0.45 urn membrane filter and an activated carbon adsorp-
tion tube (American Society for Testing and Materials, 1975a).
4.2.3.2 Mobile Sources. Three principal procedures have been used to obtain samples of auto
exhaust aerosols for subsequent analysis for lead compounds: a horizontal dilution tunnel,
plastic sample collection bags, and a low residence time proportional sampler. In each proce-
dure, samples are air-diluted to simulate roadside exposure conditions. In the most commonly
used procedure, a large horizontal air dilution tube segregates fine combustion-derived parti-
cles from larger lead particles ablated from combustion chamber and exhaust deposits. In one
example of this procedure (Habibi, 1970), hot exhaust is ducted into a 56-cm diameter, 12-m
long, air dilution tunnel and mixed with filtered ambient air in a 10-cm diameter mixing
baffle in a concurrent flow arrangement. Total exhaust and dilution airflow rate is 28 - 36
nrVmin, which produces a residence time of approximately 5 sec in the tunnel. At the down-
stream end of the tunnel, samples of the aerosol are obtained by means of isokinetic probes
using filters or cascade impactors.

In recent years, various configurations of the horizontal air dilution tunnel have been
developed. Several dilution tunnels have been made of polyvinyl chloride with a diameter of
46 cm, but these are subject to wall losses due to charge effects (Gentel et al., 1973; Moran
<3t al., 1972; Trayser et al. , 1975). Such tunnels of varying lengths have been limited by
gxhaust temperatures to total flows above approximately 11 nrVmin. Similar tunnels have a
centrifugal fan located upstream, rather than a positive displacement pump located downstream
(Trayser et al. , 1975). This geometry produces a slight positive pressure in the tunnel and
expedites transfer of the aerosol to holding chambers for studies of aerosol growth. However,
turbulence from the fan may affect the sampling efficiency. Since the total exhaust plus
dilution airflow is not held constant in this system, potential errors can be reduced by main-
ta'ning a very high dilution air/exhaust flow ratio (Trayser et al., 1975).

There have also been a number of studies using total filtration of the exhaust stream to
arrive at material balances for lead with rather low back-pressure metal filters in an air
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distribution tunnel (Habibi, 1973; Hirschler etal., 1957; Hirschler and Gilbert, 1964;
Sampson and Springer, 1973). The cylindrical filtration unit used in these studies is better
than 99 percent efficient in retaining lead particles (Habibi, 1973). Supporting data for
lead balances generally confirm this conclusion (Kunz et al., 1975).

In the bag technique, auto emissions produced during simulated driving cycles are air-
diluted and collected in a large plastic bag. The aerosol sample is passed through a filtra-
tion or impaction sampler prior to lead analysis (Ter Haar et al., 1972). This technique may
result in errors of aerosol size analysis because of condensation of low vapor pressure
organic substances onto the lead particles.

To minimize condensation problems, a third technique, a low residence time proportional
sampling system, has been used. It is based on proportional sampling of raw exhaust, again
diluted with ambient air followed by filtration or impaction (Ganley and Springer, 1974;
Sampson and Springer, 1973). Since the sample flow must be a constant proportion of the total
exhaust flow, this technique may be limited by the response time of the equipment to operating
cycle phases that cause relatively small transients in the exhaust flow rate.

4.2.4 Sampling for Lead in Water, Soil. Plants, and Food
Other primary environmental media that may contain airborne lead include precipitation,

surface water, soil, vegetation, and foodstuffs. The sampling plans and the sampling metho-
dologies used in dealing with these media depend on the purpose of the experiments, the types
of measurements to be carried out, and the analytical technique to be used. General
approaches are given below in lieu of specific procedures associated with the numerous possi-
ble special situations.
4.2.4.1 Precipitation. Methods developed and used at the Oak Ridge National Laboratory for
precipitation collection and analysis for lead are described in Lindberg et al. (1979),
Lindberg (1982), and Lindberg and Turner (1983). The investigation should be aware that dry
deposition occurs continuously, that lead at the start of a rain event is higher in concentra-
tion than at the end, and that rain striking the canopy of a forest may rinse dry deposition
particles from the leaf surfaces. Rain collection systems should be designed to collect pre-
cipitation on an event basis and to collect sequential samples during the event. They should
be tightly sealed from the atmosphere before and after sampling to prevent contamination from
dry deposition, falling leaves, and flying insects. Samples for total lead analysis should be
acidified to pH less than 2 with nitric acid and refrigerated immediately after sampling.
Samples to be separated for particulate and dissolved lead analysis should be filtered prior
to acidification. All collection and storage surfaces should be thoroughly cleaned and free
of contamination.

4-13



Two automated rain-collecting systems have been in use for some time. The Sangamo Pre-
cipitation Collector, Type A, collects rain in a single bucket exposed at the beginning of the
rain event (Samant and Vaidya, 1982). These authors reported no leaching of lead from the
bucket into a solution of 0.3N HN03. A second sampler, described by Coscio et al. (1982),
also remains covered between rain events; it can collect a sequence of eight samples during
the period of rain and may be fitted with a refrigeration unit for sample cooling. No reports
of lead analyses were given. Because neither system is widely used for lead sampling, their
monitoring effectiveness has not been thoroughly evaluated.
4.2.4.2 Surface Water. Atmospheric lead may be dissolved in water as hydrated ions, chemical
complexes, and soluble compounds, or it may be associated with suspended matter. Because the
physicochemical form often influences environmental effects, there is a need to differentiate
among the various chemical forms of lead. Complete differentiation among all such forms is a
complex task that has not yet been fully accomplished. The most commonly used approach is to
distinguish between dissolved and suspended forms of lead. All lead passing through a 0.45 urn
membrane filter is operationally defined as dissolved, while that retained on the filter is
defined as suspended (Kopp and McKee, 1983). Figura and McDuffie (1979, 1980) broadened this
scheme to encompass four categories of metal lability that are presumably more representative
of uptake by biological systems. These categories are: very labile, moderately labile,
slowly labile, and inert. Distinctions between categories are made experimentally by column
ion exchange, batch ion exchange, and anodic stripping voltammetry. The key point is the
kinetics of the experimental process. If the metal complex can be made to dissociate within
milliseconds (anodic stripping voltammetry), then it is considered very labile. Assuming that
biological systems take up metals in the free ion state rather than as metal complexes, this
scheme can provide important information on the bioavailability of lead in natural waters.
Cox et al. (1984) provide evidence that Donnan dialysis, which uses an ion exchange membrane
rather than a resin column, may provide a better estimate of lability for lead in natural
waters than Chelex-100.

When sampling water bodies, flow dynamics should*be considered in the context of the pur-
pose for which the sample is collected. Water at the convergence point of two flowing
streams, for axample, may not be well mixed for several hundred meters. Similarly, the heavy
metal concentrations above and below the thermocline of a lake may be very different. Thus,
several samples should be selected in order to define the degree of horizontal or vertical
variation. The final sampling plan should be based on the results of pilot studies. In cases
where the average concentration is of primary concern, samples can be collected at several
points and then mixed to obtain a composite.
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Containers used for sample collection and storage should be fabricated from essentially
as.

lead-free plastic or glass, e.g., conventional polyethylene, Teflon , or quartz. These con-
tainers must be leached with hot acid for several days to ensure minimum lead contamination
(Patterson and Settle, 1976). If only the total lead is to be determined, the sample may be
collected without filtration in the field. Nitric acid should be added immediately to reduce
the pH to less than 2; the acid will normally dissolve the suspended lead. Otherwise, it is
recommended that the sample be filtered upon collection to separate the suspended and dissol-
ved lead and the latter preserved by acid addition as above (U.S. Environmental Protection
Agency, 1978). It is also recommended that water samples be stored at 4°C until analysis to
avoid further leaching from the container wall (Fishman and Erdmann, 1973; Kopp and Kroner,
1967; Levering, 1976; National Academy of Sciences, 1972; U.S. Environmental Protection
Agency, 1978).
4.2.4.3 Soils. The distance from emission sources and depth gradients associated with lead
in soil must be considered in designing the sampling plan. Vegetation, litter, and large
objects such as stones should not be included in the sample, depth samples should be collected
at 2 cm intervals to preserve vertical integrity, and the samples should be air dried and
stored in sealed containers until analyzed. Brown and Black (1983) have addressed the problem
of quality assurance and quality control in the collection and analysis of soil samples. A
twelve-step procedural protocol and a three-step data validation process were recommended to
obtain the most accurate results, and some suggestions were made for handling data bias,
precision and uncertainty. Eastwood and Jackson (1984) reported the results of an inter-
laboratory study that showed greater variations between laboratories than within a laboratory,
especially when different analytical procedures are followed.

The chemical similarities between lead complexes in natural waters and in the water
associated with soil are not clearly established in the literature. In the more concentrated
medium of soil moisture, the lability of lead may change, favoring higher percentages of inert
or slowly labile lead (see Section 6.5.1). Although there are many procedures for the analy-
sis of bulk soil samples and for extruding metals from soils in a manner that simulates plant
uptake, there are few reports on the collection and analysis of soil moisture at the site of
root uptake. The techniques developed by Hinkley and Patterson (1973) for sampling the film
of moisture surrounding soil particles have been used by Elias et al. (1976, 1978, 1982) and
Eli as and Patterson (1980) for the analysis of lead in small volumes of moisture extracted
from soil particles in the root zone.
4.2.4.4 Vegetation. Because most soil lead is in forms unavailable to plants, and because
lead is not easily transported by plants, roots typically contain very little lead and shoots
even less (Zimdahl, 1976; Zimdahl and Koeppe, 1977). Before analysis, a decision must be made
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as to whether or not the plant material should be washed to remove surface contamination from
dry deposition and soil particles. If the plants are sampled for total lead content (e.g., if
they represent animal food sources), they cannot be washed. If the effect of lead on internal
plant processes is being studied, the plant samples should be washed. In either case, the
decision must be made at the time of sampling, as washing cannot be effective after the plant
materials have dried. Fresh plant samples cannot be stored for any length of time in a tight-
ly closed container before washing because molds and enzymatic action may affect the distribu-
tion of lead on and in the plant tissues. Freshly picked leaves stored in sealed polyethylene
bags at room temperature generally begin to decompose in a few days. Storage time may be
increased to approximately 2 weeks by refrigeration. Samples that are to be stored for ex-
tended periods of time should be oven Jried to arrest enzymatic reactions and render the plant
tissue amenable to grinding. Storage in sealed containers is required after grinding. For
analysis of surface lead, fresh, intact plant parts are agitated in dilute nitric acid or EDTA
solutions for a few seconds.
4.2.4.5 Foodstuffs. Analyses for lead in food have been included in the Food and Drug Admin-
istration's Total Diet Study since 1972. Initially, this survey involved sampling of foods
representing the average diet of a 15 to 20 year-old male, i.e., the individual who on a
statistical basis eats the greatest quantity of food (Kolbye et al., 1974). Various food
items from the several food classes were purchased in retail stores in various cities across
the nation. The foods were cooked or otherwise prepared as they would be in the kitchen, then
composited into 12 food classes and analyzed chemically. Other FDA sampling programs are
required for different investigative purposes, e.g., enforcement of regulations. For those
foods where lead may be deposited on the edible portion, typical kitchen washing procedures
are used. This survey procedure has been replaced by one involving separate analyses of 234
individual foods and covering 8 age-sex groups (Pennington, 1983). It is this revised sam-
pling and analytical format that is the basis for food exposure estimates in Section 7.3.1.2.

•\ ?_. •'•) Filter Selection and Sample Preparation
In sampling for airborne lead, air is drawn through filter materials such as glass fiber,

cellulose acetate, or porous plastic (Skogerboe et al., 1977b, Stern, 1976). These materials
often include contaminant lead that can interfere with the subsequent analysis (Gandrud and
i.azrus, 1972; Kometani et al. 1972; Luke et al., 1972; Seeley and Skogerboe, 1974). If a
large mass of particulate matter is collected, then the effects of these trace contaminants
may be negligible (Witz and MacPhee, 1976). Procedures for cleaning filters to reduce the
lead blank rely on washing with acids or complexing agents (Gandrud and Lazrus, 1972). The
type of filter and the analytical method to be used often determines the washing technique.
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In some methods, e.g., X-ray fluorescence, analysis can be performed directly on the filter if
the filter material is suitable (Ozubay and Stevens, 1975). Skogerboe (1974) provided a
general review of filter materials.

The main advantages of glass fiber filters are low pressure drop and high particle col-
lection efficiency at high flow rates. The main disadvantage is variable lead blank, which
makes their use inadvisable in many cases (Kometani et al., 1972; Luke at al., 1972). This
has placed a high priority on the standardization of a suitable filter for hi-vol samples
(Witz and MacPhee, 1976). Other investigations have indicated, however, that glass fiber
filters are now available that do not present a lead interference problem (Scott et al.,
1976b). Teflon® filters have been used since 1975 by Dzubay et al. (1982) and Stevens et al.
(1978), who have shown these filters to have very low lead blanks (<2 ng/cm2). The collection
efficiencies of filters, and also of impactors, have been shown to be dominant factors in the
quality of the derived data (Skogerboe et al., 1977a).

Sample preparation usually involves conversion to a solution through wet ashing of solids
with acids or through dry ashing in a furnace followed by acid treatment. Either approach
works effectively if used properly (Kometani et al., 1972; Skogerboe et al., 1977b). In one

A
investigation of porous plastic Nuclepore filters, some lead blanks were too high to allow
measurements of ambient air lead concentrations (Skogerboe et al., 1977b).

4.3 ANALYSIS
The choice of analytical method depends on the nature of the data required, the type of

sample being analyzed, the skill of the analyst, and the equipment available. For general
determination of elemental lead, atomic absorption spectroscopy is widely used and recommended
[C.F.R. (1982) 40:§50]. Optical emission spectrometry (Scolt et al., 1976b) and X-ray fluore-
scence (Stevens et al., 1978) are rapid and inexpensive methods for multi-elemental analyses.
X-ray fluorescence can measure lead concentrations reliably to 1 ng/m3 using samples col-
lected with commercial dichotomous samplers. Other analytical methods have specific advan-
tages appropriate for special studies. Only those analytical techniques receiving widespread
current use in lead analysis are described below. More complete reviews are available in the
literature (American Public Health Association, 1971; Lovering, 1976; Skogerboe et al., 1977b;
National Academy of Sciences, 1980).

With respect to measuring lead without sampling or laboratory contamination, several in-
vestigators have shown that the magnitude of the problem is quite large (Patterson and Settle,
1976; Patterson et al. , 1976; Pierce et al., 1976; Patterson, 1983; Skogerboe, 1982). It ap-
pears that the problem may be caused by failure to control the blank or by failure to stan-
dardize instrument operation (Patterson, 1983; Skogerboe, 1982). The laboratory atmosphere,
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collecting containers, and the labware used may be primary contributors to the lead blank pro-
blem (Murphy, 1976; Patterson, 1983; Skogerboe, 1982). Failure to recognize these and other
sources such as reagents and hand contact is very likely to result in the generation of arti-
ficially high analytical results. Samples with less than 100 ug Pb should be analyzed in a
clean laboratory especially designed for the elimination of lead contamination. Moody (1982)
has described the construction and application of such a laboratory at the National Bureau of
Standards.

For many analytical techniques, a preconcentration step is recommended. Leyden and
Wegschneider (1981) have described several procedures and the associated problems with
controlling the analytical blank. There are two steps to preconcentration. The first is the
removal of organic matter by dry ashing or wet digestion. The second is the separation of
lead from interfering metallic elements by coprecipitation, co-crystallization, solvent
extraction of chelate, electro-deposition or passing through a chelating ion exchange resin
column. New separation techniques are continuously being evaluated, many of which have
application to specific analytical problems. Torsi and Palmisano (1984) have described
electrochemical deposition directly on a glassy carbon crucible during atomic absorption
spectrometry. Yang and Yeh (1982) have described a polyacrylamide-hydrous-zirconia (PHZ)
composite ion exchanger suitable for high phosphate solutions. Corsini et al. (1982)
evaluated a macroreticular acrylic ester resin capable of removing free and inorganically
bound metal ions directly from aqueous solution without prior chelation.

Occasionally, it is advantageous to automate the sample preparation and preconcentration
process, fyson (1985) has reviewed the use of flow injection analysis techniques specific for
atomic absorption spectrometry. Another promising technique involves a flow-injection systen
in conjunction with an ion-exchange column and flame atomic absorption (Fang et al., 1984a;
1984b). For aqueous samples, preconcentration factors of 50 to 100-fold were achieved while
maintaining a sample frequency of 60 samples per hour.

The application of these and other new techniques can be expected to shed further light
on the chemistry and biological availability of lead in natural systems.

4.3.1 Atomic Absorption Spectroscopy (AAS)
Atomic, absorption spectroscopy (AAS) is a widely accepted method for the measurement of

<ead in environmental sampling (Skogerboe et al., 1977b). A variety of lead studies using AAS
have been reported (Kometani et al., 1972; Zoller et al., 1974; Huntzicker et al., 1975; Scott
et ji., 1976b; Lester et al. , 1977; Hirao et al. , 1979; Compton and Thomas, 1980; Bertenshaw
and Gelsthorpe, 1981).
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The lead atoms in the sample must be vaporized either in a precisely controlled flame or
in a furnace. Furnace systems in AAS offer high sensitivity as well as the ability to analyze
small samples (Lester et al., 1977; Rouseff and Ting, 1980; Stein et al., 1980; Bertenshaw and
Gelsthorpe, 1981). These enhanced capabilities are offset in part by greater difficulty in
analytical calibration and by loss of analytical precision.

Pachuta and Love (1980) collected particles on cellulose acetate filters. Disks (0.5
cm2) were punched from these filters and analyzed by insertion of the nichrome cups containing
the disks into a flame. Another application involves the use of graphite cups as particle
filters with the subsequent analysis of the cups directly in the furnace system (Seeley and
Skogerboe, 1974; Torsi et al., 1981). These two procedures offer the ability to determine
particulate lead directly with minimal sample handling.

In an analysis using AAS and hi-vol samplers, atmospheric concentrations of lead were
found to be 0.076 ng/m3 at the South Pole (Maenhaut et al., 1979). Lead analyses of 995 par-
ticulate samples from the NASN were accomplished by AAS with an indicated precision of 11
percent (Scott et al., 1976a; see also Section 7.2.1.1). More specialized AAS methods have
been described for the determination of tetraalkyl lead compounds in water and fish tissue
(Chau et al., 1979) and in air (Birnie and Noden, 1980; Rohbock et al., 1980).

Atomic absorption requires as much care as other techniques to obtain highly precise
data. Background absorption, chemical interference, background light loss, and other factors
can cause errors. A major problem with AAS is that untrained operators use it in many labor-
atories without adequate quality control.

Techniques for AAS are still evolving. An alternative to the graphite furnace, evaluated
by Jin and Taga (1982), uses a heated quartz tube through which the metal ion in gaseous
hydride form flows continuously. Sensitivities were 1-3 ng/g for lead. The technique is
similar to the hydride generators used for mercury, arsenic, and selenium. Other nonflame
atomization systems, electrodeless discharge lamps, and other equipment refinements and tech-
nique developments have been reported (Horlick, 1982). A promising technique for the analysis
of samples with high salt content has been developed by Olsen et al. (1983) using flow injec-
tion analysis. In an automated system, these authors reported a detection limit of 10 ng/g in
seawater while analyzing 30 to 60 samples per hour. This sensitivity is not as low as AAS
with a graphite furnace, so the technique would not improve the analysis of air samples with-
out further refinement.

4.3.2 Emission Spectroscopy
Optical emission spectroscopy is based on the measurement of the light emitted by ele-

ments when they are excited in an appropriate energy medium. The technique has been used to
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determine the lead content of soils, rocks, and minerals at the 5-10 M9/9 level with a rela-
tive standard deviation of 5 - 10 percent (Jolly, 1963); this method has also been applied to
the analysis of a large number of air samples (Scott et al., 1976b; Sugimae and Skogerboe,
1978). The primary advantage of this method is that it allows simultaneous measurement of a
large number of elements in a small sample (Ward and Fishman, 1976).

In a study of environmental contamination by automotive lead, sampling times were short-
ened by using a sampling technique in which lead-free porous graphite was used both as the
filter medium and as the electrode in the spectrometer (Copeland et al., 1973; Seeley and
Skogerboe, 1974) Lead concentrations of 1 - 10 ug/m3 were detected after a half-hour flow at
800 to 1200 ml/min through the filter.

Scott et al. (1976a) analyzed composited particulate samples obtained with hi-vol sam-
plers for 24 elements, including lead, using a direct reading emission spectrometer. Over
1000 samples collected by the NASN in 1970 were analyzed. Careful consideration of accuracy
and precision led to the conclusion that optical emission spectroscopy is a rapid and practi-
cal technique for particle analysis.

More recent activities have focused attention on the inductively coupled plasma (ICP)
system as a valuable means of excitation and analysis (Garbarino and Taylor, 1979; Winge et
al. , 1977). The ICP system offers a higher degree of sensitivity with less analytical inter-
ference than is typical of many of the other emission spectroscopic systems. Optical emission
methods are inefficient when used for analysis of a single element, since the equipment is
expensive and a high level of operator training is required. This problem is largely offset
when analysis for several elements is required, as is often the case for atmospheric aerosols.
However, the ICP procedure does not provide the sensitivity required for determining the
levels of lead in foods (Jones and Boyer, 1978; Jones et al., 1982).

4 }.* X-Hay Fluorescence (XRF)
<-ra> emissions that characterize the elemental content of a sample also occur when atoms

ir-j irradiated at sufficient energy to excite an inper-shell electron (Hammerle and Pierson,
197';,, laklev'.; et al., 1973; Skogerboe et al., 1977b; Stevens et al., 1978). This fluores-
ceii.o allows simultaneous identification of a range of elements including lead.

X-ray fluorescence may require a high-energy irradiation source. But with the X-ray
h.uces :oupled with fluorescers (Jaklevic et al., 1973; Dzubay and Stevens, 1975; Paciga and
•Jer 'is, 1976) very little energy is transmitted to the sample; thus sample degradation is kept
t: i minimum (Shaw et al., 1980). Electron beams (McKinley et al., 1966) and radioactive iso-
tope sources (Kneip and Laurer 1972) have been used extensively as energy sources for XRF
analysis (Birks et al., 1971; Birks, 1972). To reduce background interference, secondary
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fluorescers have been employed (Birks et al., 1971; Dzubay and Stevens, 1975). The fluor-
escent X-ray emission from the sample may be analyzed with a crystal monochromator and
detected with scintillation or proportional counters, or with low-temperature semiconductor
detectors that discriminate the energy of the fluorescence. The latter technique requires a
very low level of excitation (Dzubay and Stevens, 1975; Toussaint and Boniforti, 1979).

X-ray emission induced by charged-particle excitation (proton-induced X-ray emission or
PIXE) offers an attractive alternative to the more common techniques (Barfoot et al., 1979;
Hardy et al. , 1976; Johansson et al., 1970). The potential of heavy-particle bombardment for
excitation was demonstrated by Johansson et al. (1970), who reported an interference-free
signal in the picogram (10 12 g) range. The excellent capability of accelerator beams for
X-ray emission analysis is partially due to the relatively low background radiation associated
with the excitation. The high particle fluxes obtainable from accelerators also contribute to
the sensitivity of the PIXE method. Literature reviews (Folkmann et al., 1974; Gilfrich et
al., 1973; Herman et al., 1973; Walter et al., 1974) on approaches to X-ray elemental analysis
agree that protons of a few MeV energy provide a preferred combination for high sensitivity
analysis under conditions less subject to matrix interference effects. As a result of this
premise, a system designed for routine analysis has been described (Johansson et al. , 1975)
and papers involving the use of PIXE for aerosol analysis have appeared (Hardy et al., 1976;
Johansson et al. , 1975). The use of radionuclides to excite X-ray fluorescence and to deter-
mine lead in airborne particles has also been described (Havranek and Bumbalova, 1981;
Havranek et al., 1980).

X-radiation is the basis of the electron microprobe method of analysis. When an intense
electron beam is incident on a sample, it produces several forms of radiation, including
X-rays, whose wavelengths depend on the elements present in the material and whose intensities
depend on the relative quantities of these elements. An electron beam that gives a spot size
as small as 0.2 urn is possible. The microprobe is often incorporated in a scanning electron
microscope that allows precise location of the beam and comparison of the sample morphology
with its elemental composition. Under ideal conditions, the analysis is quantitative, with an
accuracy of a few percent. The mass of the analyzed element may range from 10 l4 to 10 16 g
(McKinley et al., 1966).

Electron microprobe analysis is not a widely applicable monitoring method. It requires
expensive equipment, complex sample preparation procedures, and a highly trained operator.
The method is unique, however, in providing compositional information on individual lead par-
ticles, thus permitting the study of dynamic chemical changes and perhaps allowing improved
source identification.
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Advantages of X-ray fluorescence methods include the ability to detect a variety of ele-
ments, the ability to analyze with little or no sample preparation, low detection limits (2 ng
Pb/m3) and the availability of automated analytical equipment. Disadvantages are that the
X-ray analysis requires liquid nitrogen (e.g., for energy-dispersive models) and highly
trained analysts. The detection limit for lead is approximately 9 ng/cm2 of filter area
(Jaklevic and Walter, 1977), which is well below the quantity obtained in normal sampling
periods with the dichotomous sampler (Dzubay and Stevens, 1975).

4.3.4 Isotope Dilution Mass Spectrometry (IDMS)
Isotope dilution mass spectrometry (IDMS) is an absolute measurement technique. It

serves as the standard to which other analytical techniques are compared. No other techniques
serve more reliably as a comparative reference. Its use for analyses at subnanogram concen-
trations of lead and in a variety of sample types has been reported (Chow et al., 1969, 1974;
Facchetti and Geiss, 1982; Hirao and Patterson, 1974; Murozumi et al., 1969; Patterson et al.,
1976; Rabinowitz et al., 1973).

The isotopic composition of lead peculiar to various ore bodies and crustal sources nay
also be used as a means of tracing the origin of anthropogenic lead. Other examples of IDMS
application are found in several reports cited above, and in Rabinowitz and Wetherill (1972),
Stacey and Kramers (1975), and Machlan et al. (1976).

4.3.5 Colorimetric Analysis
Colori.netric or spectrophotometn'c analysis for lead using dithizone (diphenylthiocarba-

zone) as the reagent has been used for many years (Jolly, 1963; Williams, 1984; Sandell,
1944) [t ,vas the primary method recommended by a National Academy of Sciences (1972) report
on '<?ad, and the basis for the tentative method of testing for lead in the atmosphere by the
American Society for Testing and Materials (1975b). Prior to the development of the IDMS
method, Colorimetric analysis served as the reference by which other methods were tested.

T!IH procedures for the Colorimetric analysis require a skilled analyst. The ASTM conduc-
ted a collaborative test of the method (Foster et al., 1975) and concluded that the procedure
gavs satisfactory precision in the determination of particulate lead in the atmosphere. In
addition, the required apparatus is simple and relatively inexpensive, the absorption is
linearly related to the lead concentration, large samples can be used, the method is easily
sensitive to a few micrograms of lead, and interferences can be removed (Skogerboe et al.,
1977b). Realization of these advantages depends on meticulous attention to the procedures and
^agents.
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4.3.6 Electrochemical Methods: Anodic Stripping Voltammetry (ASV). Differential Pulse
Polarography (DPPT

Analytical methods based on electrochemical phenomena are found in a variety of forms
(Sawyer and Roberts, 1974; Willard et al. , 1974). They are characterized by a high degree of
sensitivity, selectivity, and accuracy derived from the relationship between current, charge,
potential, and time for electrolytic reactions in solutions. The electrochemistry of lead is
based primarily on Pb(II), which behaves reversibly in ionic solutions having a reduction po-
tential near -0.4 volt versus the standard calomel electrode (Skogerboe et al., 1977b). Two
electrochemical methods generally offer sufficient analytical sensitivity for most lead mea-
surement problems. Differential pulse polarography (DPP) relies on the measurement of the
faradaic current for lead as the voltage is scanned while compensating for the nonfaradaic
(background) current produced (McDonnell, 1981). Anodic stripping voltammetry (ASV) is a two
step process in which the lead is preconcentrated onto a mercury electrode by an extended but
selected period of reduction. After the reduction step, the potential is scanned either
linearly or by differential pulse to oxidize the lead and allow measurement of the oxidation
(stripping) current. The preconcentration step allows development of enhanced analytical
signals; when used in combination with the differential pulse method, lead concentrations at
the subnanogram level can be measured (Florence, 1980).

The ASV method has been widely applied to the analysis of atmospheric lead (Harrison et
al., 1971; Khandekar et al., 1981; MacLeod and Lee, 1973). Landy (1980) has shown the applic-
ability to the determination of Cd, Cu, Pb, and Zn in Antarctic snow, while others have
analyzed rain water (Nguyen et al., 1979; Nurnberg, 1984a; 1984b) and snow samples (Nguyen et
al., 1979). Green et al. (1981) have used the method to determine Cd, Cu, and Pb in sea
water. The ASV determination of Cd, Cu, Pb, and Zn in foods-ihas been described (Jones et al.,
1977; Capar et al., 1982; Mannino, 1982, 1983; Satzger et al., 1982), and the general accuracy
of the method summarized by Holak (1980). An ASV method for lead and cadmium in foods has
been collaboratively studied and has been adopted as an official method by the Association of
Official Analytical Chemists (Capar et al., 1982; Williams, 1984). Current practice with
commercially available equipment allows lead analysis at subnanogram concentrations with
precision at the 5 to 10 percent level on a routine basis (Skogerboe et al. , 1977b). New
developments center around the use of microcomputers in controlling the stripping voltage
(Kryger, 1981) and conformational modifications of the electrode (Brihaye and Duyckaerts,
1982, 1983). Wang et al. (1983) applied flow-injection techniques to anodic stripping voltam-
metry to achieve a rate of ten samples per hour.
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4.3.7 Methods for Compound Analysis
The majority of analytical methods are restricted to measurement of total lead and cannot

directly identify the various compounds of lead. The electron microprobe and other X-ray
fluorescence methods provide approximate data on compounds on the basis of the ratios of
elements present (Ter Haar and Bayard, 1971). Gas chromatography (GC) using the electron cap-
ture detector has been demonstrated to be useful for organolead compounds (Shapiro and Frey,
1968). The use of atomic absorption as the GC detector for organolead compounds has been
described by DeJonghe et al. (1981) and Hewitt and Harrison (1985), while a plasma emission
detector has been used by Estes et al. (1981). In addition, Messman and Rains (1981) have
used liquid chromatography with an atomic absorption detector to measure organolead compounds.
Mass spectrometry may also be used with GC (Mykytiuk et al., 1980).

Powder X-ray diffraction techniques have been applied to the identification of lead com-
pounds in soils by 01 son and Skogerboe (1975) and by Linton et al. (1980). X-ray diffraction
techniques were used (Harrison and Perry, 1977; Foster and Lott, 1980; Jaklevic et al., 1981)
to identify lead compounds collected on air filters.

4.4 CONCLUSIONS
To monitor lead particles in air, collection with the hi-vol and dichotomous samplers and

analysis by atomic absorption spectrometry and X-ray fluorescence methods have emerged as the
most widely used methods. Sampling with the hi-vol has inherent biases in sampling large par-
ticles and does not provide for fractionation of the particles according to size, nor does it
allow determination of the gaseous (organic) concentrations. Sampling with a dichotomous
sampler provides size information but does not permit measurement of gaseous lead. The size
distribution of lead aerosol particles is important in considering inhalable particulate
matter. X-ray fluorescence and optical emission spectroscopy are applicable to multi-element
analysis. Other analytical techniques find application for specific purposes.

There is no routine monitoring program in the United States for ambient concentrations of
gaseous lead. Such measurements would require the addition of a chemical scrubber to the
particulate sampling device, a procedure that is used only under special circumstances. Dis-
cussion of the concentrations of gaseous lead are found in Section 6.3.2.

4-24



4.5 REFERENCES

American Public Health Association. (1971) Standard methods for the examination of water and
wastewater; 13th ed. New York, NY: American Public Health Association.

American Society for Testing and Materials. (1975a) Standard method for collection and anal-
ysis of dustfall (settleable particulates); D 1739-70. In: 1975 annual book of ASTM
standards; part 26. gaseous fuels; coal and coke; atmospheric analysis. Philadelphia, PA:
American Society for Testing and Materials; pp. 517-521.

American Society for Testing and Materials. (1975b) Tentative method of test for lead in the
atmosphere by colorimetric dithizone procedure; D 3112-72T. In: 1975 annual book of ASTM
standards; part 26. gaseous fuels; coal and coke; atmospheric analysis. Philadelphia, PA:
American Society for Testing and Materials; pp. 633-641.

Barfoot, K. M.; Mitchell, I. V.; Eschbach, H. L.; Mason, P. I.; Gilboy, W. B. (1979) The anal-
ysis of air particulate deposits using 2 MeV protons. J. Radioanal. Chem. 53: 255-271.

Bertenshaw, M. P.; Gelsthorpe, D. (1981) Determination of lead in drinking water by atomic-
absorption spectrophotometry with electrothermal atomisation. Analyst (London) 106:
23-31.

Birch, J.; Harrison, R. M. ; Laxen, D. P. H. (1980) A specific method for 24-48 hour analysis
of tetraalkyl lead in air. Sci. Total Environ. 14: 31-42.

Birks, L. S. (1972) X-ray absorption and emission. Anal. Chem. 44: 557R-562R.

Birks, L. S.; Gilfrich, J. V.; Nagel, D. J. (1971) Large-scale monitoring of automobile
exhaust particulates: methods and costs. Washington, DC: Naval Research Laboratory; NRL
memorandum report 2350. Available from: NTIS, Springfield, VA; AD-738801.

Birnie, S. E.; Noden, F. G. (1980) Determination of tetramethyl- and tetraethyllead vapours in
air following collection on a glass-fibre-iodised carbon filter disc. Analyst (London)
105: 110-118.

Blaszkewicz, M.: Neidhart, B. (1983) A sensitive method for simultaneous determination of
airborne organolead compounds; part 1: chromatographic separation and chemical reaction
detection. Int. J. Environ. Anal. Chem. 14: 11-21.

Brihaye, C.; Duyckaerts, G. (1982) Determination of traces of metals by anodic stripping volt-
ammetry at a rotating glassy carbon ring-disc electrode: part 1. method and instrumenta-
tion with evaluation of some parameters. Anal. Chim. Acta 143: 111-120.

Brihaye, C.; Ouyckaerts, G. (1983) Determination of traces of metals by anodic stripping volt-
ammetry at a rotating glassy carbon ring-disc electrode: part 2. Comparison between
linear anodic stripping voltammetry with ring collection and various other stripping
techniques. Anal. Chim. Acta 146: 37-43.

Brown, K. W.; Black, S. C. (1983) Quality assurance and quality control data validation pro-
cedures used for the Love Canal and Dallas lead soil monitoring programs. Environ. Monit.
Asses. 3: 113-122.

4-25



Capar, S. G.; Gajan, R. J.; Madzsar, E.; Albert, R. H.; Sanders, M.; Zyren, J. (1982) Determi-
nation of lead and cadmium in foods by anodic stripping volammetry: II. Collaborative
study. J. Assoc. Off. Anal. Chem. 65: 978-986.

Chau, Y. K.; Wong, P. T. S.; Bengert, G. A.; Kramar, 0. (1979) Determination of tetraalkyllead
compounds in water, sediment, and fish samples. Anal. Chem. 51: 186-188.

Chow, T. J.; Earl, J. L.; Bennet, C. F. (1969) Lead aerosols in marine atmosphere. Environ.
Sci. Technol. 3: 737-740.

Chow, T. J. ; Patterson, C. C. ; Settle, D. (1974) Occurrence of lead in tuna [letter]. Nature^
(London) 251: 159-161.

Code of Federal Regulations. (1982) Ambient air quality surveilance. C. F. R. 40: § 58.

Code of Federal Regulations. (1984) National primary and secondary ambient air quality
standards. C. F. R. 40: § 50.

Compton, R. D.; Thomas, L. A. (1980) Analysis of air samples for lead and manaanese. Tex. J.
Sci. 32: 351-355.

Conner, W. D. (1966) An inertial-type particle separator for collecting large samples. J. Air
Pollut. Control Assoc. 16: 35-38.

Copeland, T. R.; Christie, J. H.; Skogerboe, R. K.; Osteryoung, R. A. (1973) Effect of sup-
porting electrolyte concentration in pulsed stripping voltammetry at the thin film mer-
cury electrode. Anal. Chem. 45: 995-996.

Corsini, A.; Chiang, S.; Difruscia, R. (1982) Direct preconcentration of trace elements in
aqueous solutions on macroreticular acrylic ester resin [letter]. Anal. Chem. 54:
1433-1435.

Coscio, M. R.; Pratt, G. C.; Krupa, S. V. (1982) An automated, refrigerated, sequential pre-
cipitation sampler. Atmos. Environ. 16: 1939-1944.

Cox. J. A. ; Slonawska, K. ; Gatchell, D. K.; Hiebert, A, G. (1984) Metal speciation by Donnan
dialysis. Anal. Chem. 56: 65X1-653.

Oe Jonghe, W. R. A.; Chakraborti, D.; Adams, F. C. (1981) Identification and determination of
individual tetraalkyllead species in air. Environ. Sci. Technol. 15: 1117-1222.

*
Oroppo, J. (1980) Micrometeorological profiles of sulfur-containing particles. For presenta-

tion at: 73rd Annual Meeting of Air Pollution Control Association; June; Montreal, PQ,
Canada. Pittsburgh, PA: Air Pollution Control Association; paper ̂ o. 80-40.1.

Ozubay, T. G. ; Barbour, R. K. (1983) A method to improve the adhesion of aerosol particles on
teflon niters. J. Air Pollut. Control Assoc. 33: 692-695.

Ozuoay, T. G. , Stevens, R. K. (1975) Ambient air analysis with dichotomous sampler and X-ray
fluorescence spectrometer. Environ. Sci. Technol. 9: 663-668.

Dzubay, T. G. ; Nines, L. E.s Stevens, R. K. (1976) Particle bounce errors in cascade im-
pactors. Atmos. Environ. 10: 229-234.

4-26



Dzubay, T. G.; Stevens, R. K.; Lewis, C. W. ; Hern, D. H. ; Courtney, W. J.; Tesch, J. W. ;
Mason, M. A. (1982) Visibility and aerosol composition in Houston, Texas. Environ. Sci.
Technol. 16: 514-525.

Eastwood, I. W.; Jackson K. W. (1984) Interlaboratory comparison of soil lead determinations.
Environ. Pollut. Ser. B 8: 231-243.

Elias, R. W.; Patterson, C. C. (1980) lexicological implications of biogeochemical studies of
atmospheric lead. In: Toribara, T. Y.; Miller, M. W.; Morrow, P. E., eds. Polluted rain.
New York, NY: Plenum Press; pp. 391-403.

Elias, R. W.; Hinkley, T. K.; Hirao, Y.; Patterson, C. C. (1976) Improved techniques for
studies of mass balances and fractionations among families of metals within terrestrial
ecosystems. Geochim. Cosmochim. Acta 40: 583-587.

Elias, R. ; Hirao, Y.; Patterson, C. C. (1978) The deposition of lead aerosols on plant sur-
faces in a remote subalpine ecosystem. In: Adriano, D. C.; Brisbin, I. L, Jr., eds. En-
vironmental chemistry and cycling processes: proceedings of a symposium; April 1976;
Augusta, GA. Washington, DC: U. S. Department of Energy, Technical Information Center;
pp. 691-699. Available from: NTIS, Springfield, VA; CONF-760429.

Elias, R. W.; Hirao, Y.; Patterson, C. C. (1982) The circumvention of the natural biopurifica-
tion of calcium along nutrient pathways by atmospheric inputs of industrial lead.
Geochim. Cosmochim. Acta 46: 2561-2580.

Estes, S. A.; Uden, P. C.; Barnes, R. M. (1981) High-resolution gas chromatography of tri-
alkyllead chlorides with an inert solvent venting interface for microwave excited helium
plasma detection. Anal. Chem. 53: 1336-1340.

Everett, R. G.; Hicks, B. B.; Berg, W. W.; Winchester, J. W. (1979) An analysis of particulate
sulfur and lead gradient data collected at Argonne National Laboratory. Atmos. Environ.
13: 931-934.

Facchetti, S.; Geiss, F. (1982) Isotopic lead experiment: status report. Luxembourg: Com-
mission of the European Communities; publication no. EUR 8352 EN.

Fang, Z. ; Ruzicka, J. ; Hansen, E. H. (1984a) An efficient flow-injection system with on-line
ion-exchange preconcentration for the determination of trace amounts of heavy metals by
atomic absorption spectrometry. Anal. Chim. Acta 164: 23-39.

Fang, Z.; Xu, S. ; Zhang, S. (1984b) The determination of trace amounts of heavy metals in
waters by a flow-injection system including ion-exchange preconcentration and flame
atomic absorption spectrometric detection. Anal. Chim. Acta 164: 41-50.

Figura, P.; McDuffie, B. (1979) Use of Chelex resin for determination of labile trace metal
fractions in aqueous ligand media and comparison of the method with anodic stripping
voltammetry. Anal. Chem. 51: 120-125.

Figura, P.; McDuffie, B. (1980) Determination of labilities of soluble trace metal species in
aqueous environmental samples by anodic stripping voltammetry and Chelex column and batch
methods. Anal Chem. 52: 1433-1439.

Fishman, M. J.; Erdmann, D. E. (1973) Water analysis. Anal. Chem. 45: 361R-403R.

4-27



Florence, T. M. (1980) Comparison of linear scan and differential pulse anodic stripping
voltammetry at a thin mercury film glassy carbon electrode. Anal. Chim. Acta 119:
217-223.

Folkmann, F. ; Gaarde, C.; Huus, T. , Kemp, K. (1974) Proton induced X-ray emission as a tool
for trace element analysis. Nucl. Instrum. Methods 116: 487-499.

Foster, R. L. ; Lott, P. F. (1980) X-ray diffractometry examination of air filters for com-
pounds emitted by lead smelting operations. Environ. Sci. Technol. 14: 1240-1244.

Foster, J. F. ; Beatty, G. H.; Howes, J. E. , Jr. (1975) Interlaboratory cooperative study of
the precision and accuracy of the measurement of lead in the atmosphere using the colori-
metric dithizone procedure. Philadelphia, PA: American Society for Testing and Materials.
(ASTM data ser. DS 55-S5 1975).

Gandrud, 8. W.; Lazrus, A. L. (1972) Design of system for removing water-soluble materials
from IPC-1478 filter paper. Environ. Sci. Technol. 6: 455-457.

Ganley, J. T.; Springer, G. S. (1974) Physical and chemical characteristics of particulates in
spark ignition engine exhaust. Environ. Sci. Technol. 8: 340-347.

Garbarino, J. R., Taylor, H. E. (1979) An inductive-coupled plasma atomic-emission spectro-
metric method for routine water quality testing. Appl. Spectrosc. 33: 220-226.

Gentel, J. E.; Manary, 0. J.; Valenta, J. C. (1973) Characterization of particulates and other
non-regulated emissions from mobile sources and the effects of exhaust emissions control
devices on these emissions. Ann Arbor, MI: U. S. Environmental Protection Agency, Office
of Air and Water Programs; publication no. APTD-1567. Available from: NTIS, Springfield,
VA; PB-224243

Gilfrich, J. V., Burkhalter, P. G.; Birks, L. S. (1973) X-ray spectrometry for particulate air
pollution--a quantitative comparison of techniques. Anal. Chem. 45: 2002-2009.

Green, 0. G., Green, L. W.; Page, J. A.; Poland, J. S.; van Loon, G. (1981) The determination
of copper, cadmium, and lead in sea water by anodic stripping voltammetry with a thin
film mercury electrode. Can. J. Chem. 59: 1476-1486.

H a b i b i , K. (1970) Characterization of particulate lead in vehicle exhaust: experimental
techniques. Environ. Sci. Technol. 4: 252-253.

Habioi K. (1973) Characterization of particulate matter in vehicle exhaust. Environ. Sci.
Technol. 7: 223234.

Hammerle, R. H. ; Pierson, W. R. (1975) Sources and elemental composition of aerosol in
Pasadena, Calif., by energy-dispersive X-ray fluorescence. Environ. Sci. Technol. 9:
1058-1068.

Hardy, K. A.; Akselsson, R.; Nelson, J. W. ; Winchester, J. W. (1976) Elemental constituents of
Miami aerosol as function of particle size. Environ. Sci. Technol. 10: 176-182.

Ham'son, R. M.; Perry, R. (1977) The analysis of tetraalkyl lead compounds and their signi-
ficance as urban air pollutants. Atmos. Environ. 11: 847-852.

4-28



Harrison, P. R.; Matson, W. R.; Winchester, J. W. (1971) Time variations of lead, copper and
cadmium concentrations in aerosols in Ann Arbor, Michigan. Atmos. Environ. 5: 613-619.

Havranek, E.; Bumbalova, A. (1981) Multielement analysis of air samples determination of iron,
zinc, lead, and bromine content by the radionuclide X-ray fluorescence analysis. Chem.
Zvesti 35: 57-63.

Havranek, E.; Bumbalova, A.; Dejmkova, E. (1980) Nondestructive determination of airborne lead
particulates by the radionuclide X-ray fluorescence analysis. Chem. Zvesti. 34: 373-379.

Hering, S. V.; Flagan, R. C. ; Friedlander, S. K. (1978) Design and evaluation of new low-
pressure impactor. 1. Environ. Sci. Technol. 12: 667-673.

Herman, A. W.; McNelles, L. A.; Campbell, J. L. (1973) Choice of physical parameters in
charged particle induced X-ray fluorescence analysis. Int. J. Appl. Radiat. Isotop. 24:
677-688.

Hewitt, C. N.; Harrison, R. M. (1985) A sensitive, specific methoo! for the determination of
tetraalklul lead compounds in air by gas"chromotography/atomic absorption spectrometry.
Anal. Chim. Acta 162: 277-287.

Hicks, B. B.; Wesely, M. L.; Durham, J. L. (1980) Critique of methods to measure dry deposit-
ion: workshop summary. Research Triangle Park, NC: U.S. Environmental Protection Agency,
Environmental Sciences Research Laboratory; EPA report no. EPA-600/9-80-050. Available
from NTIS, Springfield, VA; PB81-126443.

Hinkley, T. ; Patterson, C. (1973) Concentrations of metals in a soil moisture film. Nature
(London) Phys. Sci. 246: 123-124.

Hirao, Y. ; Pattersonj C. C. (1974) Lead aerosol pollution in the High Sierra overrides natural
mechanisms which exclude lead from a food chain. Science (Washington, DC) 184: 989-992.

Hirao, Y.; Fukumoto, K.; Sugisaki, H.; Kimura, K. (1979) Determination of lead in seawater by
furnace atomic absorption spectrometry after concentration with yield tracer. Anal. Chem.
51: 651-653.

Hirschler, D. A. ; Gilbert, L. F. (1964) Nature of lead in automobile exhaust gas. Arch.
Environ. Health 8: 297-313.

Hirschler, D. A.; Gilbert, L. F.; Lamb, F. W.; Niebylski, L. M. (1957) Particulate lead com-
pounds in automobile exhaust gas. Ind. Eng. Chem. 49: 1131-1142.

Holak, W. (1980) Analysis of foods for lead, cadmium, copper, zinc, arsenic, and selenium,
using closed system sample digestion: collaborative study. J. Assoc. Off. Anal. Chem. 63:
485-495.

Horlick, G. (1982) Atomic absorption, atomic fluorescence, and flame spectrometry. Anal. Chem.
54: 276R-293R.

Hounam, R. F.; Sherwood, R. J. (1965) The cascade centripeter: a device for determining the
concentration and size distribution of aerosols. Am. Ind. Hyg. Assoc. J. 26: 122-131.

. Huntzicker, J. J. ; Friedlander, S. K.; Davidson, C. I. (1975) Material balance for automobile-
emitted lead in Los Angeles basin. Environ. Sci. Technol. 9: 448-457.

4-29



Jaklevic, J. M.; Walter, R. L. (1977) Comparison of minimum detectable limits among X-ray
spectrometers. In: Dzubay, T. G., ed. X-ray fluorescence analysis of environmental
samples. Ann Arbor, MI: Ann Arbor Science Publishers Inc.; pp. 63-75.

Jaklevic, J. M.; Goulding, F. S.; Jarrett, B. V.; Meng, J. 0. (1973) Application of X-ray
fluorescence techniques to measure elemental composition of particles in the atmosphere.
Presented at: 165th American society meeting on analytical methods applied to air pol-
lution measurements; April; Dallas, TX. Available from: NTIS, Springfield, VA; LBL-1743.

Jaklevic, J. M. ; Gatti, R. C. ; Goulding, F. S.; Loo, B. W. (1981) A p-gauge method applied to
aerosol samples. Environ. Sci. Technol. 15: 680-686.

Jin, K. ; Taga, M. (1982) Determination of lead by continuous-flow hydride generation and
atomic absorption spectrometry: comparison of malic acid-dichromate, nitric acid-hydrogen
peroxide and nitric acid-peroxodisulfate reaction matrices in combination with sodium
tetrahydroborate. Anal. Chim. Acta 143: 229-236.

Johansson, T. B. ; Akselsson, R. ; Johansson, S. A. E. (1970) X-ray analysis: elemental trace
analysis at the 10~12g level. Nucl. Instrum. Methods 84: 141-143.

Johansson, T. B. ; Van Grieken, R. E. ; Nelson, J. W.; Winchester, J. W. (1975) Elemental trace
analysis of small samples by proton induced X-ray emission. Anal. Chem. 47: 855-860.

Jolly, S. C. (1963) Official, standardised and recommended methods of analysis: compiled and
edited for the analytical methods committee of the society for analytical chemistry.
Cambridge, MA: W. Heffer and Sons, Ltd.

Jones, J. W. , Boyer, K. W. (1978) Analysis of foods and related materials using inductively
coupled plasma spectroscopy. In: Barnes, R. M., ed. Applications of inductively coupled
plasmas to emission spectroscopy: 1977 eastern analytical symposium. Philadelphia, PA:
The Franklin Institute Press; pp. 83-106.

Jones, J. W. ; Gajan, R. J. ; Boyer, K. W.; Fiorino, J. A. (1977) Dry ash-voltammetric deter-
mination of cadmium, copper, lead, and zinc in foods. J. Anal. Chera. Assoc. 60: 826-832.

Jones, J. W. ; Capar, S. G.; O'Haver, T. C. (1982) Critical evaluation of a multi-element
scheme using plasma emission and hydride evolution atomic-absorption spectrometry for the
analysis of plant and animal tissues. Analyst (London) 107: 353-377.

Khandekar, R. N. , Dhaneshwar, R. G. ; Palrecha, M. M. ; Zarapkar, L. R. (1981) Simultaneous
determination of lead, cadmium and zinc in aerosols by anodic stripping voltammetry.
Fresenius 1. Anal. Chem. 307: 365-368.

'<neip, f. J. ; Laurer, G. R. (1972) Isotope excited X-ray fluorescence. Anal. Chem. 44:
57A-68A.

<olbye, A. C. , Jr.; Mahaffey, K. R. ; Fiorino, J. A.; Corneliussen, P. C.; Jelinek, C. F.
(1974) Food exposures to lead. Environ. Health Perspect. 7: 55-74.

Kometani, T. Y.; Bove, J. L.; Nathanson, B.; Siebenberg, S. ; Magyar, M. (1972) Dry ashing of
airborne particulate matter on paper and glass fiber filters for trace metal analysis by
atomic absorption spectrometry. Environ. Sci. Technol. 6: 617-620.

4-30



Kopp, J. F. ; Kroner, R. C. (1967) Trace metals in waters of the United States: a five year
summary of trace metals in rivers and lakes of the United States (October 1, 1962 -
September 30, 1967). Cincinnati, OH: U.S. Department of the Interior, Division of Pol-
lution Surveillance. Available from: NTIS, Springfield, VA; PB-215680.

Kopp, J. F.; McKee, D. (1983) Methods for chemical analysis of water and wastes. Cincinnati,
OH: U.S. Environmental Protection Agency, Environmental Monitoring and Support Labora-
tory; p. 74; EPA report no. EPA-600/4-79-020. Available from: NTIS, Springfield, VA;
PB84-128677.

Kryger, L. (1981) Microcomputers in electrochemical trace elemental analysis. Anal. Chim. Acta
133: 591-602.

Kunz, W. G., Jr.; Jacobs, E. S.; Pahnke, A. J. (1975) Design and performance of muffler lead
traps for vehicles. [Presented before: Union Intersyndicale de 1'Industrie du Petrole;
January; Paris, France]. Wilmington, DE: E. I. duPont de Nemours & Company.

Landy, M. P. (1980) An evaluation of differential pulse anodic stripping voltammetry at a
rotating glassy carbon electrode for the determination of cadmium, copper, lead and zinc
in Antarctic snow samples. Anal. Chim. Acta 121: 39-49.

Lee, R. E., Jr.; Goranson, S. S. (1972) National air surveillance cascade impactor network. I.
Size distribution measurements of suspended particulate matter in air. Environ. Sci.
Technol. 6: 1019-1024.

Lester, J. N.; Harrison, R. M.; Perry, R. (1977) Rapid flameless atomic absorption analysis of
the metallic content of sewage sludges: I. lead, cadmium and copper. Sci. Total Environ.
8: 153-158.

Leyden, D. E.; Wegscheider, W. (1981) Preconcentration for trace element determination in
aqueous samples. Anal. Chem. 53: 1059A-1065A.

Lindberg, S. E. (1982) Factors influencing trace metal sulfate and hydrogen ion concentrations
in rain. Atmos. Environ. 16: 1701-1709.

Lindberg, S. E. ; Harriss, R. C. (1981) The role of atmospheric deposition in an eastern U.S.
deciduous forest. Water Air Soil Pollut. 16: 13-31.

Lindberg, S. E. ; Turner, R. R. (1983) Trace metals in rain at forested sites in the eastern
United States. In: International conference: heavy metals in the environment; September;
Heidelberg, West Germany. Edinburgh, United Kingdom: CEP Consultants, Ltd.; pp. 107-114.

Lindberg, S. E. ; Harriss, R. C.; Turner, R. R.; Shriner, D. S.; Huff, D. D. (1979) Mechanisms
and rates of atmospheric deposition of selected trace elements and sulfate to a deciduous
forest watershed [dissertation]. Oak Ridge, TN: Oak Ridge National Laboratory, Environ-
mental Sciences Division; publication no. 1299. Available from: NTIS, Springfield, VA;
ORNL/TM-6674.

Linton, R. W.; Natusch, D. F. S.; Solomon, R. L.; Evans, C. A., Jr. (1980) Physicochemical
characterization of lead in urban dusts. A microanalytical approach to lead tracing.
Environ. Sci. Technol. 14: 159-164.

4-31



Liu, M.-K.; Whitney, 0. C.; Seinfeld, J. H.; Roth, P. M. (1976) Continued research in meso-
scale air pollution simulation modeling. Vol. 1. Assessment of prior model evaluation
studies and analysis of model validity and sensitivity. Research Triangle Park, NC: U. S.
Environmental Protection Agency, Environmental Sciences Research Laboratory; EPA report
no. EPA- 600/4-76-016A. Available from: NTIS, Springfield, VA; PB-257526.

Loo, B. W.; Adachi, R. S. ; Cork, C. P.; Goulding, S. S.; Jaklevic, J. N. ; Landis, 0. A.;
Searles, W. L. (1979) A second generation dichotomous sampler for large-scale monitoring
of airborne particulate matter. Lawrence Berkeley Laboratory, report no. 8725. Available
from: NTIS, Springfield, VA; LBL-8725.

Lovering, T. G. , ed. (1976) Lead in the environment. Washington, DC: U.S. Department of the
Interior, Geological Survey; Geological Survey professional paper no. 957. Available
from: GPO, Washington, DC; S/N 024-001-02911-1.

Luke, C. L.; Kometani, T. Y.; Kessler, J. E.; Loomis, T. C.; Bove, J. L.; Nathanson, B. (1972)
X-ray spectrometric analysis of air pollution dust. Environ. Sci. Technol. 6: 1105-1109.

Lynam, 0. R. (1972) The atmospheric diffusion of carbon monoxide and lead from an expressway
[dissertation]. Cincinnati, OH: University of Cincinnati. Available from: University
Microfilms, Ann Arbor, MI; publication no. 73-3827.

Machlan, L. A.; Gramlich, J. W.; Murphy, T. J.; Barnes, I. L. (1976) The accurate deter-
mination of lead in biological and environmental samples by isotope dilution mass
spectrometry. In: LaFleur, P. D., ed. Accuracy in trace analysis: sampling, sample
handling, analysis - volume 2. Proceedings of the 7th materials research symposium;
October 1974; Gaithersburg, MD. Washington, DC: National Bureau of Standards; NBS special
publication no. 422; pp. 929-935. Available from: NTIS, Springfield, VA; PB
-258092

MacLeod, K. E. , Lee, R. E., Jr. (1973) Selected trace metal determination of spot tape samples
by anodic stripping voltammetry. Anal. Chem. 45: 2380-2383.

Maenhaut, W ; Zoller, W. H.; Duce, R. A.; Hoffman, G. L. (1979) Concentration and size distri-
bution of particulate trace elements in the south polar atmosphere. J. Geophys. Res. 84:
2421-2431

Mannino, S. (1982) Determination of lead in fruit juices and soft drinks by potentiometric
stripping analysis. Analyst (London) 107: 1466-1470.

Mannino, S (1983) Simultaneous determination of lead and tin in fruit juices and soft drinks
by potentiometric stripping analysis. Analyst (London) 108: 1257-1260.

Marple, V. A.; Willeke, K. (1976) Impactor design. Atmos. Environ. 10: 891-896.

McDonnell, D. B. (1981) Simultaneous determination of copper, lead, cadmium and zinc in non-
ferrous smelter products by differential-pulse polarography. Analyst (London) 106:
790-793.

McFarland, A. R.; Ortiz, C. A.; Rodes, C. E. (1979) Characteristics of aerosol samplers used
in ambient air monitoring. Presented at: 86th national meeting, American Institute of
Chemical Engineers; April; Houston, TX. Houston, TX: Texas A & M University.

McKinley, T. 0.; Heinrich, K. F. J.; Wittry, D. B., eds. (1966) The electron microprobe: pro-
ceedings of the symposium; October 1964; Washington, DC. New York, NY; John Wiley & Sons,
Inc.

4-32



Messman, J. D. ; Rains, T. C. (1981) Determination of tetraalkyllead compounds in gasoline by
liquid chromatography-atomic absorption spectrometry. Anal. Chem. 53: 1632-1636.

Miller, F. J. ; Gardner, D. E. ; Graham, J. A.; Lee, R. E., Jr.; Wilson, W. E.; Bachmann, J. D.
(1979) Size considerations for establishing a standard for inhalable particles. J. Air
Pollut. Control Assoc. 29: 610-615.

Moody, J. R. (1982) NBS clean laboratories for trace element analysis. Anal. Chem. 54:
1358A-1376A.

Moran, J. B.; Baldwin, M. J.; Manary, 0. J.; Valenta, J. C. (1972) Effect of fuel additives on
the chemical and physical characteristics of particulate emissions in automotive exhaust.
Final report. Research Triangle Park, NC: U.S. Environmental Protection Agency; ERA
report no. EPA-R2-72-066. Available from: NTIS, Springfield, VA; PB-222799.

Murozumi, M.; Chow, T. J.; Patterson, C. (1969) Chemical concentrations of pollutant lead
aerosols, terrestrial dusts and sea salts in Greenland and Antarctic snow strata.
Geochim. Cosmochim. Acta 33: 1247-1294.

Murphy, T. J. (1976) The role of the analytical blank in accurate trace analysis. In: LaFleur,
P. 0., ed. Accuracy in trace analysis: sampling, sample handling, analysis - volume 1.
Proceedings of the 7th materials research symposium; October 1974; Gaithersburg, MO.
Washington, DC: U.S. Department of Commerce, National Bureau of Standards; NBS special
publication no. 422; pp. 509-539. Available from: NTIS, Springfield, VA; PB-258092/6.

Mykytiuk, A. P.; Russell, D. S.; Sturgeon, R. E. (1980) Simultaneous determination of iron,
cadmium, zinc, copper, nickel, lead, and uranium in seawater by stable isotope dilution
spark source mass spectrometry. Anal. Chem. 52: 1281-1283.

National Academy of Sciences. (1972) Lead: airborne lead in perspective. Washington, DC:
National Academy of Sciences. (Biologic effects of atmospheric pollutants).

National Academy of Sciences, Committee on Lead in the Human Environment. (1980) Lead in the
human environment. Washington, DC: National Academy of Sciences.

Nguyen, V. D. ; Valenta, P.; Nurnberg, H. W. (1979) Voltammetry in the analysis of atmospheric
pollutants. The determination of toxic trace metals in rain water and snow by dif-
ferential pulse stripping voltamtnetry. Sci. Total Environ. 12: 151-167.

Nurnberg, H. W. (1984a) The voltammetric approach in trace metal chemistry of natural waters
and atmospheric precipitation. Anal. Chim. Acta 164: 1-21.

Nurnberg, H. W. (1984b) Trace analytical procedures with modern voltammetric determination
methods for the investigation and monitoring of ecotoxic heavy metals in natural waters
and atmospheric precipitates. Sci. Total Environ. 37: 9-34.

Olsen, S.; Pessenda, L. C. R.; Ruzicka, J.; Hansen, E. H. (1983) Combination of flow injection
analysis with flame atomic-absorption spectrophotometry: determination of trace amounts
of heavy metals in polluted seawater. Analyst (London) 108: 905-917.

Olson, K. W.; Skogerboe, R. K. (1975) Identification of soil lead compounds from automotive
sources. Environ. Sci. Technol. 9: 227-230.

4-33



Pachuta, D. G.; Love, L. J. C. (1980) Determination of lead in urban air participates by
micresampling cup atomic absorption spectrometry. Anal. Chem. 52: 444-448.

Paciga, J. J,; Jervis, R. E. (1976) Multielement size characterization of urban aerosols.
Environ. Sci. Technol. 10: 1124-1128.

Patterson, C. C. (1983) Criticism of "Flow of metals into the global atmosphere" [letter].
Geochim. Cosmochim. Acta 47: 1163-1168.

Patterson, C. C., Settle, D. M. (1976) The reduction of orders of magnitude errors in lead
analyses of biological materials and natural waters by evaluating and controlling the
extent and sources of industrial lead contamination introduced during sample collecting,
handling, and analyses. In: LaFleur, P. D., ed. Accuracy in trace analysis: sampling,
sample handling, analysis - volume 1. Proceedings of the 7th materials research sym-
posium; October 1974; Gaithersburg, MD. Washington, DC: U. S. Department of Commerce,
National Bureau of Standards; NBS special publication no. 422; pp. 321-352.

Patterson, C. ; Settle, D. ; Glover, B. (1976) Analysis of lead in polluted coastal seawater.
Mar. Chem. 4: 305-319.

PEDCo Environmental, Inc. (1981) Field study to determine spatial variability of lead from
roadways. Research Triangle Park, NC: U.S. Environmental Protection Agency, Monitoring
and Data Analysis Division; ERA report no. EPA-450/4-83-002. Available fro«: NTIS,
Springfield, VA; P883-207845.

Peirson, D. H. ; Cawse, P. A.; Salmon, L. ; Cambray, R. S. (1973) Trace elements in the atmos-
pheric environment. Nature (London) 241: 252-256.

Pennington, J. A. T. (1983) Revision of the total diet study food list and diets. J. Aa. Diet.
Assoc. 82: 166-173.

Pierce, J. p.; Koirtyohann, S. R.; Clevenger, T. E.; Lichte, F. E. (1976) The determination of
lead in blood: a review and critique of the state of the art, 1975. New York, NY:
International Lead Zinc Research Organization, Inc.

Purdue, L. J. ; Enrione, R. E.; Thompson, R. J.; Bonfield, B. A. (1973) Determination of or-
ganic and total lead in the atmosphere by atomic absorption spectrometry. Anal. Chem. 45:
527-530.

Rabinowitz, M. B.; Wetherill, G. W. (1972) Identifying sources of lead contamination by stable
isotope techniques. Environ. Sci. Technol. 6: 705-709.

Rabinowitz, M. B.; Wetherill, G. W.; Kopple, J. D. (1973) Lead metabolism in the normal human:
stable isotope studies. Science (Washington, DC) 182: 725727.

Robson, C. D.; Foster, K. E. (1962) Evaluation of air particulate sampling equipment. AB. Ind.
Hyg. Assoc. J. 23: 404-410.

Rohbock, E. ; Georgii, H.-W.; Muller, J. (1980) Measurements of gaseous lead alkyls in polluted
atmospheres. Atmos. Environ. 14: 89-98.

Rouseff, R. L. ; Ting, S. V. (1980) Lead uptake of grapefruit juices stored in cans as deter-
mined by nameless atomic absorption spectroscopy. J. Food Sci. 45: 965-968.

4-34



Roy, B. R. (1977) Effects of particle sizes and solubilities of lead sulphide dust on mill
workers. Am. Ind. Hyg. Assoc. J. 38: 327-332.

Samant, H. S.; Vaidya, 0. C. (1982) Evaluation of the sampling buckets used in the Sangamo
collector, type A for heavy metals in precipitation. Atmos. Environ. 16: 2183-2186.

Sampson, R. E.; Springer, G. S. (1973) Effects of exhaust gas temperature and fuel composition
on particulate emission from spark ignition engines. Environ. Sci. Technol. 7: 55-60.

Sandell, E. B. (1944) Colorimetric determination of traces of metals. New York, NY: Inter-
science Publishers, Inc.; pp. 279-300. (Clarke, B. L. ; Kolthoff, I. M.; Willard, H. H. ,
eds. Chemical analysis: a series of monographs on analytical chemistry and its applica-
tions: v. 3).

Satzger, R. 0.; Clow, C. S.; Bonnin, E.; Fricke, F. L. (1982) Determination of background
levels of lead and cadmium in raw agricultural crops by using differential pulse anodic
stripping voltammetry. J. Assoc. Off. Anal. Chem. 65: 987-991.

Sawyer, D. T.; Roberts, J. L., Jr. (1974) Experimental electrochemistry for chemists. New
York, NY: John Wiley & Sons.

Scott, D. R. ; Loseke, W. A.; Holboke, L. E. ; Thompson, R. J. (1976a) Analysis of atmospheric
particulates for trace elements by optical emission spectrometry. Appl. Spectrosc. 30:
392-405.

Scott, D. R. ; Hemphill, D. C.; Holboke, L. E.; Long, S. J.; Loseke, W. A.; Pranger, L. J.;
Thompson, R. J. (1976b) Atomic absorption and optical emission analysis of NASN atmos-
pheric particulate samples for lead. Environ. Sci. Technol. 10: 877-880.

Seeley, J. L.; Skogerboe, R. K. (1974) Combined sampling-analysis method for the determination
of trace elements in atmospheric particulates. Anal. Chem. 46: 415-421.

Shapiro, H. ; Frey, F. W. (1968) The organic compounds of lead. New York, NY: John Wiley and
Sons, Inc.. (Seyferth, D., ed. The chemistry of organometallic compounds: a series of
monographs).

Shaw, R. W. (1980) Balance corrections for buoyancy. J. Air Pollut. Control Assoc. 30:
908-909.

Shaw, R. W. ; Stevens, R. K. ; Courtney, W. J. (1980) Exchange of comments on inaccuracies en-
countered in sulfur determination by particle induced X-ray emission. Anal. Chem. 52:
2217-2218.

Silverman, L.; Viles, F. J., Jr. (1948) A high volume air sampling and filter weighing method
for certain aerosols. J. Ind. Hyg. Toxicol. 30: 124-128.

Skogerboe, R. K. (1974) Monitoring trace metal particulates: an evaluation of the sampling and
analysis problems; ASTIM STP 555. Philadelphia, PA: American Society for Testing and
Materials; pp. 125-136.

Skogerboe, R. K. (1982) The analytical blank: sources and effects on lead analyses. J. Assoc.
Off. Anal. Chem. 65: 957-964.

4-35



Skogerboe, R. K.; Dick, D. L.; lamothe, P. J. (1977a) Evaluation of filter inefficiencies for
participate collection under low loading conditions. Atmos. Environ. 11: 243-249.

Skogerboe, R. K.; Hartley, A. M.; Vogel, R. S.; Koirtyohann, S. R. (1977b) Monitoring for lead
in the environment. In: Boggess, W. R. , ed.' Lead in the environment. Washington, DC:
National Science Foundation; pp. 33-70; NSF report no. NSF/RA-770214. Available from:
NTIS, Springfield, VA; PS-278278.

Stacey, J. S.; Kramers, J. D. (1975) Approximation of terrestrial lead isotope evolution by a
two-stage model. Earth Planet. Sci. Lett. 26: 207-221.

Stein, V. B.; Canelli, E. ; Richards, A. H. (1980) Simplified determination of cadmium, lead
and chromium in estuarine waters by fTameless atomic absorption. Int. J. Environ. Anal.
Chem. 8: 99-106.

Stern, A. C., ed. (1976) Air pollution: air pollutants, their transformation and transport.
3rd ed. New York, NY: Academic Press, Inc. (Lee, D. H. K.; Hewson, E. W.; Okun, D., eds.
Environmental sciences: an interdisciplinary monograph series: v. 1).

Stevens, R. K. ; Dzubay, T. G.; Russwurm, G.; Rickel, D. (1978) Sampling and analysis of atmos-
pheric sulfates and related species. Atmos. Environ. 12: 55-68.

Stevens, R. K. ; Ozubay, T. G.; Shaw, R. W., Jr.; McClenny, W. A.; Lewis, C. W.; Wilson, W. E.
(1980) Characterization of the aerosol in the Great Smoky Mountains. Environ. Sci.
Technol. 14: 1491-1498.

Sugimae, A.; Skogerboe, R. K. (1978) Dual approach to the emission spectrographic determina-
tion of elements in airborne particulate matter. Anal. Chim. Acta 97: 1-11.

Ter Haar, G. L.; Bayard, M. A. (1971) Composition of airborne lead particles. Nature (London)
232: 553-554.

Ter Haar, G. L. ; Lenane, D. L.; Hu, J. N.; Brandt, M. (1972) Composition, size and control of
automotive exhaust particulates. J. Air Pollut. Control Assoc. 22: 39-46.

Torsi, G. ; Palmisano, F. (1983) Electrostatic capture of gaseous tetraalkyllead compounds and
their determination by electrothermal atomic-absorption spectrometry. Analyst (London)
108: 1318-1322.

Torsi, G.; Palmisano, F. (1984) Electrochemical preconcentration combined with atomic ab-
sorption spectroraetry for the determination of heavy metals in water samples. Sci. Total
Environ. 37: 35-40.

Torsi, G. ; Desimoni, E.; Palmisano, F.; Sabbatini, L. (1981) Determination of lead in air by
electrothermal atomic spectrometry with electrostatic accumulation furnace. Anal. Chem.
53: 1035-1038.

Tosteson, T. D.; Spengler, J. D.; Weker, R. A. (1982) Atomic absorption analysis in a personal
monitoring study. Boston, MA: Harvard University School of Public Health.

Toussaint, C. J.; Boniforti, R. (1979) Application of X-ray fluorescence spectrometry to the
study of the marine environment. Int. J. Environ. Anal. Chem. 6: 217-228.

4-36



Trayser, D. A.; Blosser, E. R.; Creswick, F. A.; Pierson, W. R. (1975) Sulfuric acid and ni-
trate emissions from oxidation catalysts. Warrendale, PA: Society of Automotive En-gineers;
SAE technical paper no. 750091.

Tyson, J. F. (1985) Flow injection analysis techniques for atomic-absorption spectrometry: a
review. Analyst (London) 110: 419-429.

U. S. Environmental Protection Agency. (1971) Guidelines: air quality surveillance networks.
Research Triangle Park, NC: Office of Air Programs; Office of Air Programs publication
no. AP-98. Available from: NTIS, Springfield, VA; PB-200728.

U. S. Environmental Protection Agency. (1978) Ambient water quality criteria: lead. Washington,
DC: Criteria and Standards Division. Protection Agency. Available from: NTIS, Springfield,
VA; PB-292437.

Walter, R. L. ; Willis, R. D.; Gutknecht, W. F.; Joyce, J. M. (1974) Analysis of biological,
clinical, and environmental samples using proton-induced X-ray emission. Anal. Chem. 46:
843-855.

Wang, J.; Dewald, H. D.; Greene, B. (1983) Anodic stripping voltammetry of heavy metals with a
flow injection system. Anal. Chim. Acta 146: 45-50.

Ward, F. N.; Fishman, M. J. (1976) Analytical methods for determination of lead. In: Lovering,
T. G. , ed. Lead in the environment. Washington, DC: U. S. Department of the Interior,
U. S. Geological Survey; Geological Survey professional paper 957; pp. 81-84.

Wedding, J. B.; McFarland, A. R.; Cermak, J. E. (1977) Large particle collection charac-
teristics of ambient aerosol samplers. Environ. Sci. Technol. 11: 387-390.

Wedding, J. B. ; Weigand', M. ; John, W.; Wall, S. (1980) Sampling effectiveness of the inlet to
the dichotomous sampler. Environ. Sci. Technol. 14: 1367-1370.

Whitby, K. T.; Husar, R. B.; Liu, B. Y. H. (1972) The aerosol size distribution of Los Angeles
smog. J. Colloid Interface Sci. 39: 177-204.

Willard, H. H. ; Merritt, L. L., Jr.; Dean, J. A. (1974) Instrumental methods of analysis. 5th
ed. New York, NY: D. Van Nostrand Co.

Williams, M. K. (1984) Biological tests of lead absorption following a brief massive exposure.
J. Occup. Med. 26: 532-533.

Winge, R. K. ; Fassel, V. A.; Kniseley, R. N. ; DeKalb, E.; Mass, W. J. , Jr. (1977)
Determination of trace elements in soft, hard, and saline waters by the inductively cou-
pled plasma, multi-element atomic emission spectroscopic (ICP-MAES) technique. Spect-
rochim. Acta 32B: 327-345.

Witz, S. ; MacPhee, R. D. (1976) Effect of different types of glass filters on total suspended
particulates and their chemical composition. Los Angles, CA: Southern California Air Poll-
ution Control District Metropolitan Zone.

Yang, C.-Y.; Yeh, Y.-C. (1982) Isolation and determination of trace amounts of calcium, iron,
europium, dysrosium and lead in phosphoric acid. Analyst (London) 107: 1492-1495.

4-37



Zief, M.; Mitchell, J. W. (1976) Contamination control in trace element analysis. New York,
NY: John Wiley and Sons.

Zimdahl, R. L. (1976) Entry and movement in vegetation of lead derived from air and soil
sources. J. Air Pollut. Control Assoc. 26: 655-660.

Zimdahl, R. L.; Koeppe, D. E. (1977) Uptake by plants. In: Boggess, W. R., ed. Lead in the
environment. Washington, DC: National Science Foundation; pp. 99-104; NSF report no.
NSF/RA-770214. Available from: NTIS, Springfield, VA; PB-278278.

Zoller, W. H. ; Gladney, E. S. ; Duce, R. A. (1974) Atmospheric concentrations and sources of
trace metals at the South Pole. Science (Washington, DC) 183: 198-200.

4-38



5. SOURCES AND EMISSIONS

5.1 HISTORICAL PERSPECTIVE
The history of global lead emissions has been assembled from chronological records of

deposition in polar snow strata, marine and freshwater sediments, coral skeleton bands, and
the annual rings of trees. These records are important for two reasons. They aid in
establishing natural background levels of lead in air, soils, plants, animals, and humans.
They also place current trends in atmospheric lead concentrations in the perspective of
historical changes. Most chronological records document the sudden increase in atmospheric
lead at the time of the industrial revolution, and a later burst starting in the 1920's when
lead-alkyls were first added to gasoline.

Tree ring analyses are not likely to show the detailed year-by-year chronological record
of atmospheric lead increases. In situations where ring-porous trees (species that retain the
nutrient solution only in the most recent annual rings) grow in heavily polluted areas where
soil lead has increased 100-fold, significant increases in the lead content of tree rings over
the last several decades have been documented. Rolfe (1974) found 4-fold increases in both
rural and urban tree rings using pooled samples from the period of 1910-20 compared to samples
from the period from 1963-73. Symeonides (1979) found a 2-fold increase during a comparable
interval at a high lead site but no increase at a low lead site. Baes and Ragsdale (1981)
found significant post-1930 increases in oak (Quercus) and hickory (Carya) with high lead
exposure, but only in hickory with low lead exposure. Dodge and Gilbert (1984) reported a
chronological increase in lead deposited in the annual bands of coral skeletons near St.
Croix, U.S. Virgin Islands. The 2-fold increase from 1950 to 1980 in the coral at the
relatively unpolluted site appeared to reflect regional or global deposition.

Pond sediment analyses (Shirahata et al., 1980) have shown a 20-fold increase in lead
deposition during the last 150 years in the western United States (Figure 5-1), documenting
not only the increasing use of lead since the beginning of the industrial revolution in that
region, but also the relative fraction of natural vs. anthropogenic lead inputs. Other
studies have shown a similar magnitude of increasing deposition in freshwater sediments
(Christensen and Chien, 1981; Galloway and Likens, 1979; Edgington and Robbins, 1976; Dominik
et al., 1984; Wong et al., 1984), and marine sediments (Ng and Patterson, 1982). The pond and
marine sediments of Shirahata et al. (1980) and Ng and Patterson (1982) also document the
shift in isotopic composition caused by the recent opening of the New Lead Belt in Missouri
(see Section 5.3.3.2) where the ore body has an isotopic composition substantially different
from other ore bodies of the world.
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Figure 5-1. Chronological record of the relative increase of lead in snow strata, pond and lake sedi-
ments, marine sediments, and tree rings. The data are expressed as a ratio of the latest year of the
record and should not be interpreted to extend back in time to natural or uncontaminated levels of
lead concentration.

Source: Adapted from Murozumi et al. (1969) (O). Shirahata et al. (1980) (O), Edgington and
Bobbins (1976) (A). Ng and Patterson (1982) (A), and Rolfe (1974) (•).



Perhaps the best and certainly the most controversial chronological record is that of the
polar ice strata of Murozumi et al. (1969), which extends nearly three thousand years back in
time (Figure 5-1). In a comprehensive review of chronological studies of global pollution in
polar snow and ice, Wolff and Peel (1985) concluded that, although a few samples in the
Greenland study of Murozumi et al. (1969) may have been contaminated, the results are valid
and have been confirmed by later studies (Ng and Patterson, 1981). Intermediate studies that
reported much higher concentrations were probably erroneous.

In Antarctica, lead concentrations in snow and ice are about one tenth of the values from
polar regions in the northern hemisphere. This phenomenon has been attributed to the
restricted interchange in the atmospheric circulation patterns between the northern and
southern hemispheres, and to the fact that 90 percent of the global industrial activity occurs
in the northern hemisphere (Wolff and Peel, 1985). Recent studies by Wolff and Peel (1985)
confirmed the values of 5 pg Pb/g snow found by Boutron and Patterson (1983), repudiating many
previous studies that reported higher values.

It is likely that prehistoric concentrations of lead in snow and ice of Greenland and
Antarctica were a maximum of 1.4 and 1.2 pg/g (Ng and Patterson, 1983; Boutron and Patterson,
1983), while present concentrations are 200 pg/p in Greenland (Murozumi et al., 1969) and 5-6
pg/g in Antarctica (Boutron and Patterson, 1983). Data for Antarctica agree with atmospheric
measurements of Maenhaut et al. (1979), who found air concentrations of 0.000076 ug/m3

suggested by Patterson (1980) and Servant (1982) as the natural lead concentration in the
atmosphere.

In summary, it is likely that atmospheric lead emissions have increased 2000-fold since
the pre-Roman era, that even at this early time the atmosphere may have been contaminated by a
factor of three over natural levels (Murozumi et al. -»1969), and that global atmospheric
concentrations have increased dramatically since the 1920's.

The history of global emissions may also be determined from total production of lead, if
the amounts of lead released to the atmosphere during the smelting process, released during
industrial consumption, and emitted from non-lead sources are known. The historical picture
of lead production has been pieced together from many sources by Settle and Patterson (1980)
(Figure 5-2). They used records of accumulated silver stocks to estimate the lead production
needed to support coin production. Until the industrial revolution, lead production was
determined largely by the ability or desire to mine lead for its silver content. Since that
time, lead has been used as an industrial product in its own right, and efforts to improve
smelter efficiency, including control of stack emissions and fugitive dusts, have made lead
production more economical. This improved efficiency is not reflected in the chronological
record because of atmospheric emissions of lead from many other anthropogenic sources,
especially gasoline combustion (see Section 5.3.3). From this knowledge of the chronological
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scale) correspond approximately to historical increases in lead emissions shown
in Figure 5-1.

Sourca Adapted from Settle and Patterson (1980).

record, it is possible to sort out contemporary anthropogenic emissions from natural sources
nf atmospheric lead.

5.2 NATURAL SOURCES
Lead enters the biosphere from lead-bearing minerals in the lithosphere through both

natura' and rnan-••lad'-j processes. Measurements of soil materials taken at 20-cm depths in the
continenta' 'j:iued States (Levering, 1976; Shacklette et al. 1971) show a median lead
concentration of 15 - 16 pg Pb/g soil. Ninety-five percent of these measurements show 30 Lig/g
of 'lead or less, with a maximum sample concentration of 700 pg/g.
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In natural processes, lead is first incorporated in soil in the active root zone, from
which it may be absorbed by plants, leached into surface waters, or eroded into windborne
dusts (National Academy of Sciences, 1980; Chamberlain, 1970; Patterson, 1965; Chow and
Patterson, 1962).

Natural emissions of lead from volcanoes have been estimated by Nriagu (1979) to be 6400
metric tons (t)/year based on enrichment over crustal abundance. That is, 10 X-109 kg/year of
volcanic dust are produced, with an average lead concentration of 640 ug/g, or 40 times the
crustal abundance of 16 ug/g. The enrichment factor is based on Lepel et al. (1978), who
measured lead in the plume of the Augustine volcano in Alaska. Settle and Patterson (1980)
have calculated emissions of only 1 t/year, based on a measured Pb/S ratio of 2 X 10*
(Buat-Menard and Arnold, 1978), and estimated sulfur emissions of 6 X 106 t/year. The
estimate of Settle and Patterson (1980) is more direct, and perhaps more reliable, because it
depends on estimates of sulfur emissions rather than total volcanic dust.

Calculations of natural contributions using geochemical information indicate that natural
sources contribute a relatively small amount of lead to the atmosphere. For example, if the
typical 25 - 40 MO/1"3 of rural airborne particulate matter consisted solely of wind-entrained
soils containing 15 ug/g (and rarely more than 30 ug of lead/g), as cited above, then the
natural contribution to airborne lead would range from 0.0004 to 0.0012 ug/m3. It has been
estimated from geochemical evidence that the natural particulate lead level is less than
0.0005 ug/m3 (National Academy of Sciences, 1980; United Kingdom Department of the
Environment, 1974). In fact, levels as low as 0.000076 ug/m3 have been measured at the South
Pole in Anarctica (Maenhaut et al., 1979). In contrast, lead concentrations in urban
suspended particulate matter may be as high as 6 ug/m3 (Akland, 1976; U.S. Environmental
Protection Agency, 1979, 1978). Most of this urban particulate lead stems from manmade
sources.

5.3 MANMADE SOURCES
5.3.1 Production

Lead occupies an important position in the U.S. economy, ranking fifth among all metals
in tonnage used. Approximately 85 percent of the primary lead produced in this country is
from native mines; it is often associated with minor amounts of zinc, cadmium, copper,
bismuth, gold, silver, and other minerals (U.S. Bureau of Mines, 1975). Missouri lead ore
deposits account for approximately 80 to 90 percent of the domestic production. Approximately
40 to 50 percent of annual lead production is recovered and eventually recycled.
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5.3.2 Utilization
The 1971-1982 uses of lead are listed by major product category in Table 5-1 (U.S. Bureau

of Mines, 1972-1984). Total utilization averaged approximately 1.29 x 106 t/yr over the
12-year period, with storage batteries and gasoline'additives accounting for -70 percent of
total use. The gasoline antiknock compounds listed in Table 5-1 include additives for both
domestic and import markets. The additive fraction of total lead utilization has decreased
from greater than 18 percent in 1971-1973 to less than 9.5 percent in 1981. Certain products,
especially batteries, cables, plumbing, weights, and ballast, contain lead that is
economically recoverable as secondary lead. This reserve of lead in use is estimated at 3.8
million metric tons. Of the one m i l l i o n metric tons of lead used in commercial products
annually, 0.5 to 0.8 million tons are recovered. Lead used in pigments, gasoline additives,
ammunition, foil, solder, and steel products is widely dispersed and therefore is largely
unrecoverable.

5.3.3 Emissions
Lead or its compounds may enter the environment at any point during mining, smelting,

processing, use, recycling, or disposal. Estimates of the dispersal of lead emissions into
the environment by principal sources indicate that the atmosphere is the major initial
recipient. Estimated lead emissions to the atmosphere are shown in Table 5-2. Mobile and
stationary sources of lead emissions, although found throughout the nation, tend to be
concentrated in areas of high population density, with the exception of smelters. Figure 5-3
shows the approximate locations of major lead mines, primary and secondary smelters and
refineries, and alkyl lead plants (International Lead Zinc Research Organization, 1982).
5.3.3.1 Mobile Sources. The majority of lead compounds found in the atmosphere result from
leaded gasoline combustion. Several reports indicate that transportation sources, which
'nr'ude light-duty, heavy-duty, and off-highway vehicles, contribute over 80 percent of the
total atmosofier ic lead (Nationwide [lead] emissions report, 1980, 1979; U.S. Environmental
°rotection Agency, 1977). Other mobile sources, including aviation use of leaded gasoline and
liesei and jet fuel combustion, contribute insignificant lead emissions to the atmosphere.
The detailed emissions inventory in Table 5-2 shows that 89 percent of the lead emissions in
the United States are from gasoline combustion. Cass and McRae (1983) assembled emissions
inventory data )n the Los Angeles Basin and determined that 83 percent of the fine particle
emissions originated from highway vehicles. Lead is added to gasoline as an antiknock
additive to enhance engine performance in the form of two tetralkyl lead compounds, tetraethyl
an'! tetramethy1 lead (see Section 3.4). Lead is emitted from vehicles primarily in the form
or inorgan"-. particles, although a very small fraction (<10 percent) of lead emissions are
released as volatile organic compounds, i.e., lead alkyls (see Section 6.3.2)
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TABLE 5-1. U.S. UTILIZATION OF LEAD BY PRODUCT CATEGORY (1971-1980)
(metric tons/yr)

Product category

Storage batteries

Gasoline antiknock
additives

Pigments and ceramics

Annum t ion

Solder

Cable coverings

Caulking lead

Pipe and sheet lead

Type Mtal

Brass and bronze

Bearing Mtals

Other

TOTAL

1971

616,581

239,666

73.701

79.423

63.502

47,998

27,204

41.523

18.876

18,180

14.771

56,958

1,298,383

1972

661,740

252.545

80.917

76,822

64,659

41.659

20.392

37.592

18,089

17,963

14.435

63.124

1,349.846

1973

697.888

248,890

98,651

73,091

65,095

39,006

18,192

40.529

19.883

20,621

14,201

61,019

1.397.876

1974

772.656

227.847

105.405

78.991

60.116

39.387

17,903

34,238

18,608

20.172

13,250

62,106

1.450.679

1975

634,368

189,369

71,718

68,098

52,011

20,044

12,966

35.456

14.703

12,157

11,051

54,524

1.176,465

1976

746.085

217,508

95,792

66.659

57,448

14,452

11,317

34,680

13.614

14,207

11,851

68,181

1,351,794

1977

858.099

211,296

90,704

62,043

58.320

13.705

8.725

30,861

11,395

15.148

10.873

64,328

1.435.497

1978

879.274

178.473

91.642

55.776

68.390

13,851

9,909

23.105

10,795

16.502

9.510

75,517

1.432.744

1979

814.332

186.945

90,790

53.236

54.278

16.393

8,017

27,618

10,019

18,748

9,630

68,329

1,358,335

1980

645,357

127,903

78,430

48,662

41,366

13.408

5.684

28,393

8.997

13.981

7.808

50,314

1.070,303

1981

770,152

111.367

80.165

49.514

29.705

12,072

5.522

28.184

7,838

13,306

6,922

52.354

1.167,101

1982

704,323

119,234

60,866

44.237

28.500

15,181

4.056

23,838

2,766

11,352

6,133

54.922

1.075.408

1983

806,999

89,118

68,694

43,697

28,490

10.505

3.572

27.261

2.540

10.980

5,844

50,887

1,148,487

1984

865. b4/

78.933

76,808

47,828

24.441

12.270

3,966

28.323

2,162

6.954

4,677

b5,124

1,207,033

aIdeludes additives for both domestic and export Markets.

Source: U.S. Bureau of Mines (1972-1984).



TABLE 5-2. ESTIMATED ANTHROPOGENIC LEAD EMISSIONS TO THE ATMOSPHERE FOR THE
UNITED STATES, 1984

Annual (1984) Percentage of
emissions, total U.S.

Source Category (t/yr) emissions

Gasoline combustion 34,881 89.4%

Waste oil combustion
Solid waste disposal
Coal combustion
Oil combustion

Gray iron production
Iron and steel production
Secondary lead smelting
Primary copper smelting
Ore crushing and grinding
Primary lead smelting
Zn smelting
Other metallurgical

Lead alky! manufacture
Lead acid battery manufacture
Portland cement production

Miscel laneous

Total

781
352
265
115

54
427
278
29
116
1150
116
11

224
112
70

__ 35

39,016s

2.0
0.9
0.7
0.3

0.1
1.1
0.7
0.1
0.3
2.8
0.3
0.1

0.6
0.3
0.2

Q.I

100%

Inventory does not include emissions from exhausting workroom air, burning of lead-painted
surfaces, welding of lead-painted steel structures, or weathering of painted surfaces.

e Updated from Battye (1983)
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Commercial lead antiknock additives of all types contain halogens designated as
scavengers that serve to reduce the accumulation of decomposition products of the lead alkyls
in certain critical areas of the engine combustion chamber. The most commonly used additive
package contains enough ethylene dibromide to tie up all of the lead as PbBr2> and enough
ethylene dichloride to tie up 1.5 times the amount of lead as PbCl2.

The factors which affect both the rate of particulate lead emissions and the
physicochemical properties of the emissions are: lead content of the fuel, other additives,
vehicle fuel economy, the driving speed or conditions, and type of vehicle, as well as design
parameters, maintenance, and ages of the engine, exhaust, and emission control systems. The
major types of vehicles are light-duty (predominantly cars) and heavy-duty (trucks and buses).
The important properties of the particulate emissions include the total amount emitted, the
size distribution of the particles, and the chemical composition of these particles as a
function of particle size. The most commonly used index of particle size is the mass median
aerodynamic diameter (MMAD), which is defined as the point in the size distribution of
particles such that half the mass lies on either side of the MMAD value (National Air
Pollution Control Administration, 1969). Table 5-3 summarizes a recent study estimating the
particulate emission rates and particle composition for light-duty vehicles operated on a
leaded fuel of 1.8 g Pb/gallon (Hare and Black, 1981). Table 5-4 estimates particulate
emission rates for heavy-duty vehicles (trucks) operated on a leaded fuel of 1.8 g Pb/gallon
(Hare and Black, 1981). The lead content of 1.8 g Pb/gallon was chosen to approximate the
lead concentration of leaded gasoline during 1979 (Table 5-5). Another recent study utilizing
similar composite emission factors provides estimates of motor vehicle lead emissions for
large areas (Provenzano, 1978).

The fate of emitted lead particles depends upon their particle size (see Section 6.3.1).
Particles initially formed by condensation of lead compounds in the combustion gases are quite
sina1 I (well under 0.1 urn in diameter, see Section 6.3.1) (Pierson and Brachaczek, 1983).
Particles in this size category are subject to growth by coagulation and, when airborne, can
remain suspended in the atmosphere for 7 - 3 0 days and travel thousands of miles from their
original source (Chamberlain et al., 1979). Larger particles are formed as the result of
agglomeration of smaller condensation particles and have limited atmospheric lifetimes
(Harrison and Laxen, 1981). The largest vehicle-emitted particles, which are greater than 100
pm in diameter, may be formed by materials flaking off from the surfaces of the exhaust
5>stem. As indicated in Table 5-3, the estimated mass median equivalent diameter of leaded
particle* from light-duty vehicles is <0.25 urn, suggesting that such particles with relatively
lony atmospheric lifetimes have the potential for long-distance transport. Similar values for
MMAD in automobile exhausts were found in Britain (0.27 urn) (Chamberlain et al. 1979) and
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TABLE 5-3. LIGHT-DUTY VEHICULAR PARTICULATE EMISSIONS*

Data by vehicle category

Rate or property Pre-1970
1970 4 later

without catalyst

Exhaust particulate emissions, g/mi (g/km) 0.29 (0.47)

Particle mass median equivalent diameter, urn <0.25

0.13 (0.21)

<0.25

Percent of particulate mass as:

Lead (Pb)
Bromine (Br)
Chlorine (Cl)
Trace metals
Carbon (C), total
Sulfate (S042-)
Soluble organics

22 or greater
11 or greater
4 or greater

1
33 or greater

1.3
-30 or less

36 or greater
18 or greater
6 or greater
1 or greater

33 or less
1.3 or greater

-10

*Rate estimates are based on 1.8 g Pb/gal (0.42 g/1) fuel.

Source: Hare and Black (1981).

TABLE 5-4. HEAVY-DUTY VEHICULAR PARTICULATE EMISSIONS*
[g/mi (g/km)]

Heavy-duty category
Particulate emissions by model year

Pre-1970 1970 and later

Medium-duty trucks .
(6,000 to 10,000 Ib)1

Heavy-duty trucks .
(over 10,000 lb)T

0.50 (0.80)

0.76 (1.2)

0.40 (0.64)

0.60 (0.96)

*Rate estimates are based on 1.8 g Pb/gal (0.42 g/1) fuel.
Gross vehicular weight.

Source: Hare and Black (1981).
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TABLE 5-5. RECENT AND PROJECTED CONSUMPTION OF GASOLINE LEAD

Calendar
year

1975a
1976
1977
1978
1979
1980
1981.
1982°
1983
1984

1985d
1986
1987
1988
1989
1990

Gasol ir
10s c

Total

102.3
107.0
113.2
115.8
111.2
110.8
102.6
98.7
102.4
105.7

100.6
100.3
100.0
99.3
99.0
99.0

le volume
jal

Leaded

92.5
87.0
79.7
75.0
68.1
57.5
51.0
52.5
47.5
43.8

32.2
28.8
25.6
22.4
19.2
16.4

Average le
g/

Pooled

1.62
1.60
1.49
1.32
1.16
0.71
0.59
0.61
0.51
0.44

0.26
0.03
0.03
0.02
0.02
0.02

ad content
gal

Leaded

1.81
1.97
2.12
2.04
1.90
1.37
1.19
1.14
1.10
1.05

0.80
0.10
0.10
0.10
0.10
0.10

Total lead
103t

167.4
171.4
168.9
153.0
129.4
78.8
60.7
59.9
52.3
46.0

25.8
2.9
2.6
2.2
1.9
1.6

Air- lead
ug/m3

1.23
1.22
1.20
1.13
0.74C
0.66C
0.51C
0.53C
0.40C
0.36C

Data for the years 1975-1981 are taken from U.S. Environmental Protection Agency
(1983).

bData for 1982-1984 are taken from U.S. Environmental Protection Agency (1985).
C0ata from U.S. EPA (1986), discussed in Chapter 7, are the maximum quarterly
average lead levels from a composite of 147 sampling sites. Earlier reports
for the period 1975-78 were based on a different, although comparable group
of sites.

dData for 1985-1990 are estimates taken from F.R. (1985 March 7).

Italy (0.33 urn) (Facchetti and Geiss, 1982). Particles this small deposit by Brownian
diffusion and are generally independent of gravitation (see Section 6.4.1.1).

The size distribution of lead particles is essentially bimodal at the time of exhaust
(Pierson and Brachaczek, 1976, 1983) and depends on a number of factors, including the
particular driving pattern in which the vehicle is used and its past driving nistory (Ganley
and Springer, 1974; Habibi, 1973, 1970; Ter Haar et al. , 1972; Hirschler and Gilbert, 1964;
Hirschler et al. , 1957). As an overall average, it has been estimated that during the
lifetime of the vehicle, approximately 35 percent of the lead contained in "the gasoline burned
by the vehicle is emitted as small particles (<0.25 urn MMAD), and approximately 40 percent is
emitted as larger particles (>10 pm MMAD) (Ter Haar et al. , 1972). The remainder of the lead
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consumed in gasoline combustion is deposited in the engine and exhaust system. Engine deposits
are, in part, gradually transferred to the lubricating oil and removed from the vehicle when
the oil is changed. A flow chart depicting lead-only emissions per gallon of fuel charged
into the engine is shown in Figure 5-4. It is estimated that 10 percent of the lead consumed
during combustion is released into the environment via disposal of used lubricating oil
(Piver, 1977). In addition, some of the lead deposited in the exhaust system gradually flakes
off, is emitted in the exhaust as extremely large particles, and rapidly falls into the
streets and roads where it is incorporated into the dust and washed into sewers or onto
adjacent soil.

Although the majority (>90 percent on a mass basis) of vehicular lead compounds are
emitted as inorganic particles (e.g., PbBrCl), some organolead vapors (e.g., lead alkyls) are
also emitted. The largest volume of organolead vapors arises from the manufacture, transport,
and handling of leaded gasoline. Such vapors are photoreactive and their presence in local
atmospheres is transitory; i.e., the estimated atmospheric half-lives of lead alkyls, under
typical summertime conditions, are less than half a day (Nielsen, 1984). Organolead vapors
are most likely to occur in occupational settings (e.g., gasoline transport and handling
operations, gas stations, parking garages) and have been found to contribute less than 10
percent of the total lead present in the atmosphere (Gibson and Farmer, 1981; National Academy
of Sciences, 1972).

The use of lead additives in gasoline, which increased in volume for many years, is now
decreasing as automobiles designed to use unleaded fuel constitute the major portion of the
fleet (Table 5-1). The decline in the use of leaded fuel is the result of two regulations
promulgated by the U.S. Environmental Protection Agency (F.R., 1973, December 6). The first
required the availability of unleaded fuel for use in automobiles designed to meet federal
emission standards with lead-sensitive emission control devices (e.g., catalytic converters);
the second required a reduction or phase-down of the lead content in leaded gasoline. The
phase-down schedule of lead in gasoline was modified in 1982 (F.R., 1982, October 29),
replacing the 0.5 g/gal standard for the average lead content of all gasoline with a standard
of 1.10 g Pb/gal for leaded gasoline alone, and again in 1985 (F.R., 1985, March 7), calling
for a reduction to 0.5 g Pb/gal leaded gas by July 1985 and 0.1 g Pb/gal leaded gas by
January 1986.

The trend in lead content for U.S. gasolines is shown in Figure 5-5 and Table 5-5. Of
the total gasoline pool, which includes both leaded and unleaded fuels, the average lead
content has decreased 73 percent, from an average of 1.62 g/gal in 1975 to 0.44 g/gal in 1984
(Table 5-5, Figure 5-5). Accompanying the phase-down of lead in leaded fuel has been the
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increased consumption of unleaded fuel, from 10 percent of the total gasoline pool in 1975 to
59 percent in 1984 (Table 5-5 and Figure 5-6). Since 1975, when the catalytic converter was
introduced by automobile manufacturers for automotive exhaust emissions control, virtually all
new passenger cars have been certified on unleaded gasoline (with the exception of a few
diesels and a very few leaded-gasoline vehicles).

Data describing the lead consumed in gasoline and average ambient lead levels (composite
of maximum quarterly values) vs. calendar year are listed in Table 5-5 and plotted in Figure
5-7. The 1975 through 1979 composite quarterly lead averages are based on 105 lead-monitoring
sites, primarily urban. The 1980 through 1984 composite average is based on 147 sites with
valid annual data. Between 1975 and 1984, the lead consumed in gasoline decreased 73 percent
(from 167,400 to 46,000 metric tons) while the corresponding composite maximum quarterly
average of ambient air lead decreased 71 percent (from 1.23 to 0.36 ug/m3). This indicates
that control of lead in gasoline over the past several years has effected a direct decrease in
peak ambient lead concentrations, at least for this group of monitoring sites.
5.3.3.2 Stationary Sources. As shown in Table 5-2 (based on 1984 emission estimates),
primary lead smelting, coal combustion, and combustion of waste oil are the principal
contributors of lead emissions from stationary sources. Coal-fired electric power stations
typically burn 5,000 to 10,000 tons of coal per day. Pulverized coal is mixed with hot air
and passed into a burning chamber or boiler, where the mixture is ignited. Some of the
unburned residue falls to the bottom of the boiler, where it is removed as 'bottom ash1. The
residue that passes through the boiler is called 'fly ash 1, much of which is removed by
electrostatic precipitators and other pollution control devices. In a well-designed system,
99.8 percent of the original inorganic mass of the coal is retained by the system. At 10 g
Pb/ton of coal, very little lead would be emitted. However, the remaining 0.2 percent of the
coa1 mass that is emitted from the stack is highly enriched in lead, compared to the original
coai. Although data on stack emissions of lead are limited, the concentration of lead in fly
ast may provide a reasonable indication of stack lead emissions. Klusek et al. (1983)
reported an enrichment of 6.1 between coal and fly ash. On this basis, a typical power plant
c-i turning 10,000 tons of coal per day would emit 1.2 kg Pb/day (10,000 t/day x 0.002 x 6.1 x
10 g Pb/t coa')- Turner and Lowry (1983) reported enrichment factors of 17 to 75 for
conventional coal-fired power plants in Pennsylvania and New Hampshire.

Thp manufacture of consumer products such as lead glass, storage batteries, and lead
aan fi^es for gasoline also contributes significantly to stationary source lead emissions.
S' c° 1970 the quantity of lead emitted from the metallurgical industry has decreased
somewhat: because of the application of control equipment and the closing of several plants,
particularly in the zinc and pyrometallurgical industries.
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In the United States, a new source for lead emissions emerged in the mid-1960s with th<
opening of the "Viburnum Trend" or "New Lead Belt" in southeastern Missouri. The presence 01
eight mines and three accompanying lead smelters in this area makes it the largest lead-
producing district in the world and has moved the United States into first place among the
world's lead-producing nations.

Although some contamination of soil and water occurs as a result of such mechanisms as
leaching from mine and smelter wastes, quantitative estimates of the extent of this
contamination are not available. Spillage of ore concentrates from open trucks and railroad
cars, however, is known to contribute significantly to contamination along transportation
routes. For example, along two routes used by ore trucks in southeastern Missouri, lead
levels in leaf litter ranged from 2000 - 5000 ug/g at the roadway, declining to a fairly
constant 100 - 200 |jg/g beyond about 400 ft from the roadway (Wixson et al., 1977).

Another possible source of land or water contamination is the disposal of particulate
lead collected by air pollution control systems. The potential impact on soil and water
systems from the disposal of dusts collected by these control systems has not been quantified.

5.4 SUMMARY
There is no doubt that atmospheric lead has been a component of the human environment

since the earliest written record of civilization. Atmospheric emissions are recorded in
glacial ice strata and pond and lake sediments. The history of these global emissions seems
closely tied to production of lead by industrially oriented civilizations.

Although there are conflicting reports of the amount of lead emitted from natural
sources, even the more liberal estimate (25 X 103 t/year, Nriagu, 1979) is dwarfed by the
global emissions from anthropogenic sources (450 X 103 t/year).

Production of lead in the United States has remained steady at about 1.2 X 106 t/year for
the past decade. The gasoline additive share of this market has dropped from 18 to 6.5
percent during the period 1971 - 1984. The contribution of gasoline lead to total atmospheric
emissions has remained high, at 89 percent, as emissions from stationary sources have
decreased at the same pace as from mobile sources. The decrease in stationary source
emissions is due primarily to control of stack emissions, whereas the decrease in mobile
source emissions is a result of switchover to unleaded gasolines. The decreasing use of lead
in gasoline is projected to continue through 1990.
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6. TRANSPORT AND TRANSFORMATION

6.1 INTRODUCTION
This chapter describes the transition from the emission of lead particles into the atmos-

phere to their ultimate deposition on environmental surfaces, i.e., vegetation, soil, house-
hold dust, or water. Lead emissions at the tailpipe are typically around 24,000 ug/m3 (38 x
104 ug Pb/Kg gas x 0.0838 Kg gas/m3 air x 0.75 tailpipe efficiency), while in city air,
ambient lead values are usually between 0.1 and 10 ug/m3 (Dzubay et al., 1979; Reiter et al.,
1977; also see Section 7.2.1.1.1). These reduced concentrations are the result of dilution of
effluent gas with clean air and the removal of particles by wet or dry deposition. Charac-
teristically, lead concentrations are highest in confined areas close to sources and are pro-
gressively reduced by dilution or deposition in air masses more removed from sources.

At any particular location and time, the concentration of lead found in the atmosphere
depends on the proximity to the source, the amount of lead emitted from sources, and the
degree of mixing provided by the motion of the atmosphere. It is possible to describe quanti-
tatively the physics of atmospheric mixing in a variety of ways and, with some limiting
assumptions, to develop simulation models that predict atmospheric lead concentrations. These
models are not sensitive to short-term variations in air motion over a period of weeks or
months because these variations are suppressed by integration over long periods of time.

In highly confined areas such as parking garages or tunnels, atmospheric lead concentra-
tions can be 10-1000 times greater than values measured near roadways or in urban areas. In
turn, atmospheric lead concentrations are usually about 2*j times greater in the central city
than in residential suburbs. Rural areas have even lower concentrations.

Because lead emissions in the United States have declined dramatically in the past few
years, the older lead concentration data on which recent dispersion studies are based may seem
irrelevant to existing conditions. Such studies do in fact illustrate principles of at-
mospheric dispersion and are valid when applied to existing concentrations of lead with appro-
priate corrections (see Section 7.2.1.1).

Transformations that may occur during dispersion are physical changes in particle size
distribution, chemical changes from the organic to the inorganic phase, and chemical changes
in the inorganic phase of lead particles. Particle size distribution stabilizes within a few
hundred kilometers of the sources, although atmospheric concentration continues to decrease
with distance. Concentrations of organolead compounds are relatively small (1-6 percent of
total lead) except in special situations where gasoline is handled or where engines are
started cold within confined areas. Ambient organolead concentrations decrease more rapidly
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than inorganic lead, suggesting conversion from the organic to the inorganic phase during
transport. Inorganic lead appears to convert from lead ha!ides and oxides to lead sulfates.

Lead is removed from the atmosphere by wet or dry deposition. The mechanisms of dry
deposition have been incorporated into models that estimate the flux of atmospheric lead to
the earth's surface. Of particular interest is deposition on vegetation surfaces, since this
lead may be incorporated into food chains. Between wet and dry deposition, it is possible to
calculate an atmospheric lead budget that balances the emission inputs discussed in Section
5.3.3. with deposition outputs.

6.2 TRANSPORT OF LEAD IN AIR BY DISPERSION
6.2.1 Fluid Mechanics of Dispersion

Particles in air streams are subject to the same principles of fluid mechanics as parti-
cles in flowing water (Friedlander, 1977). On this basis, the authors of several texts have
described the mathematical arguments for the mixing of polluted air with clean air (Benarie,
1980; Dobbins, 1979; Pasqui11, 1974). If the airflow is steady and free of turbulence, the
rate of mixing is constant along a concentration gradient and is a function of particle size
(Dobbins, 1979). If the steady flow of air is interrupted by obstacles near the ground, tur-
bulent eddies or vortices may be formed. Diffusivity is no longer constant with particle size
and concentration but may be influenced by windspeed,. atmospheric stability, and the nature of
the obstacle. By making generalizations of windspeed, stability, and surface roughness, it is
possible to construct models using a variable transport factor called eddy diffusivity (K), in
which K varies in each direction, including vertically. There is a family of K-theory models
that describe the dispersion of particulate pollutants.

The simplest K-theory model, which assumes that the surface is uniform and the wind is
steady (Pasquill, 1974), produces a Gaussian plume, where the concentration of the pollutant
decreases according to a normal or Gaussian distribution in both the vertical and horizontal
directions. Although these models are the basis for most of the air quality simulations per-
formed to date (Benarie, 1980), the assumptions of steady windspeed and smooth surface limit
fheir use.

Some theoretical approaches, circumventing the constraints of the Gaussian models, have
been adapted for studying long range transport (LRT) (more than 100 km) of pollutants.
Johnson (1981) discusses 35 LRT models developed during the 1970s to describe the dispersion
of -itmospheric sulfur compounds. One family of models is based on the conservative volume
element approach, where volumes of air are seen as discrete parcels having conservative meteo-
rological properties, such as water vapor mixing ratio, potential temperature, and absolute
vorticity (Benarie, 1980). The effect of pollutants on these parcels is expressed as a mixing
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ratio. These parcels of air may be considered to move along a trajectory that follows the ad-
vective wind direction. These models are particularly suitable for dealing with surface
roughness, but they tend to introduce artifact diffusion or pseudodiffusion, which must be
suppressed by calculation (Egan and Mahoney, 1972; Liu and Seinfeld, 1975; Long and Pepper,
1976).

An approach useful for estimating dispersion from a roadway derives from the similarity
approach of Prandtl and Tietjens (1934). A mixing length parameter is related to the distance
traveled by turbulent eddies during which violent exchange of material occurs. This mixing
length is mathematically related to the square root of the shear stress between the atmosphere
and the surface. Richardson and Proctor (1926) formulated these concepts in a law of at-
mospheric diffusion which was further extended to boundary layer concepts by Obukhov (1941).
At the boundary layer, the turbulent eddy grows and its energy decreases with distance away
from the source.

Although physical descriptions of turbulent diffusion exist for idealized circumstances
such as isolated roadways and flat terrain, the complex flow and turbulence patterns of cities
have defied theoretical description. The permeability of street patterns and turbulent eddy
development in street canyons are two major problem areas that make modeling urban atmospheres
difficult. Kotake and Sano (1981) have developed a simulation model for describing air flow
and pollutant dispersion in various combinations of streets and buildings on two scales. A
small scale, 2-20 m, is used to define the boundary conditions for 2-4 buildings and asso-
ciated roadways. These subprograms are combined on a large scale of 50-500 meters. Simula-
tions for oxides of nitrogen show nonlinear turbulent diffusion, as would be expected. The
primary utility of this program is to establish the limits of uncertainty, the first step
toward making firm predictions. It is likely that the development of more complete models of
dispersion in complex terrains will become a reality in the near future.

None of the models described above have been tested for lead. The reason for this is
simple. All of the models require sampling periods of 2 hours or less in order for the sample
to conform to a well-defined set of meteorological conditions. In most cases, such a sample
would be below the detection limits for lead. The common pollutant used to test models is
S02, which can be measured over very short, nearly instantaneous, time periods. The question
of whether gaseous S02 can be used as a surrogate for particulate lead in these models remains
to be answered.
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6.2.2 Influence of Dispersion on Ambient Lead Concentrations
Dispersion within confined situations, such as parking garages, residential garages and

tunnels, and away from expressways and other roadways not influenced by complex terrain fea-
tures depends on emission rates and the volume of clean air available for mixing. These fac-
tors are relatively easy to estimate and some effort has been made to describe ambient lead
concentrations that can result under selected conditions. On an urban scale, the routes of
transport are not clearly defined, but can be inferred from an isopleth diagram, i.e., a plot
connecting points of identical ambient concentrations. These plots always show that lead con-
centrations are maximum where traffic density is highest.

Dispersion beyond cities to regional and remote locations is complicated by the facts
that there are no monitoring network data from which to construct isopleth diagrams, that re-
moval by deposition plays a more important role with time and distance, and that emissions
from many different sources converge. Some techniques of source reconciliation are described,
but these become less precise with increasing distance from major sources of lead. Dispersion
from point sources such as smelters and refineries results in a concentration distribution
pattern similar to urban dispersion, although the available data are notably less abundant.
6.2.2.1 Confined and Roadway Situations. Ingalls and Garbe (1982) used a variety of box and
Gaussian plume models to calculate typical levels of automotive air pollutants that might be
present in microscale (within 100 m of the source) situations with limited ventilation, such
as garages, tunnels, and street canyons. Table 6-1 shows a comparison of six exposure situa-
tions, recomputed for a flat-average lead emission factor of 6.3 mg/km for roadway situations
and 1.0 mg/min for garage situations. The roadway emission factor chosen corresponds roughly
to values chosen by Dzubay et al. (1979) and Pierson and Brachaczek (1976) scaled to 1979
lead-use statistics. The parking garage factor was estimated from roadway factors by correc-
tion For fue1 consumption (Ingalls and Garbe, 1982)

Confined situations, with low air volumes and little ventilation, allow automotive pollu-
tant cont.en'.rations to reach one to three orders of magnitude higher than are found in open
air, Thus, parking garages and tunnels are likely to have considerably higher ambient lead
concentrations than are found in expressways with high traffic density or in city streets.
Purdue et al. (1973) found total lead levels of 1.4-2.3 ug/m3 in five of six U.S. cities in
1972. In similar samples from an underground parking garage, total lead was 11-12 ug/m3.
Vaitiuis ot al. (1974) developed a model for the transport of automotive lead that predicted an
exponential decrease in air lead concentrations with distance, up to 100 m downwind from the
roadway Dzubay et al. (1979) found lead concentrations of 4-20 pg/m2 in air over Los
Angeles freeways in 1976; at nearby sites off the freeways, concentrations of 0.3-4.7 ug/m3

were measured.
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TABLE 6-1. SUMMARY OF MICROSCALE CONCENTRATIONS

Air lead
concentration

Situation (ug/m3)

Residential garage (1 mg Pb/min)
Typical (30 second idle time) 80
Severe (5 min idle time) 670

Parking garage (1 mg Pb/min)
Typical 40
Severe 560

Roadway tunnel (6.3 mg Pb/km)
Typical 11
Severe 29

Street canyon (sidewalk receptor) (6.3 mg Pb/km)
Typical a) 800 vehicles/hr 0.4

b) 1,600 vehicles/hr 0.9

Severe a) 800 vehicles/hr 1.4
b) 1,600 vehicles/hr 2.8

On expressway (wind: 315 deg. rel., 1 m/sec) (6.3 mg Pb/km)
Typical 2.4
Severe . 10

Data are recalculated from Ingalls and Garbe (1982) using 1979 lead emission factors. They
show that air lead concentrations in a garage or tunnel can be two or three orders of magni-
tude higher than on streets or expressways. Typical conditions refer to neutral atmospheric
stability and average daily traffic volumes. Severe conditions refer to maximum hourly
traffic volume with atmospheric inversion. Emission rates are given in parentheses.

Tiao and Hillmer (1978) and Ledolter and Tiao (1979) have analyzed 3 years (1974-1977) of
ambient air lead data from one site on the San Diego Freeway in Los Angeles, California.
Particulate lead concentrations were measured at five locations: in the median strip and at
distances of 8 and 30-35 m from the road edge on both sides of the road. Average lead con-
centrations at the 35 meter point were two- to fourfold lower than at the 8 m location (Tiao
and Hillmer, 1978). An empirical model involving traffic count and traffic speed, which are
related to road emissions, required only windspeed as a predictor of dispersion conditions.

Witz et al. (1982) found that meteorological parameters in addition to windspeed, such as
inversion frequency, inversion duration, and temperature, correlate well with ambient levels
of lead. At a different site near the San Diego freeway in Los Angeles, monthly ambient
particulate lead concentrations and meteorological variables were measured about 100 meters
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from the roadway through 1980. Multiple linear regression analysis showed that temperature at
6 AM, windspeed, wind direction, and a surface-based inversion factor were important variables
in accurately predicting monthly average lead concentrations. In this data set, lead values
for December were about fivefold higher than those measured in the May to September summer
season, suggesting that seasonal variations in wind direction and the occurrence of surface-
based inversions favor high winter lead values. Unusually high early morning temperatures and
windspeed during the winter increased dispersion and reduced lead concentration.

In a study of a newly constructed freeway near Melbourne, Australia, Clift et al. (1983)
found that lead concentrations in the top centimeter of soil one meter from the road edge in-
creased in lead concentration from 60 ug/g in March 1974 to 1250 ug/g in November 1980. The
traffic density in November 1980 was 37,000 vehicles per day and the typical pattern of lead
concentrations decreasing exponentially with distance from the road edge had developed. At
4-6 meters from the road edge, lead concentrations decreased to constant values, although
these values were significantly higher than the pre-1974 concentrations.

In Philadelphia, a recent study of dispersion away from a major highway showed the zone
of influence may extend farther downwind than previously expected (Burton and Suggs, 1984).
The Philadelphia Roadway study was designed to measure the vertical (15 m) and horizontal
(175 m) dispersion of large and small particles (Figure 6-1). Horizontally, air concentra-
tions decreased exponentially at 2 m height for fine, coarse, and total Pb according to the
following equations:

Coarse Pb C = 0.187 - (0.029 x InD)
Fine Pb C = 0.715 - (0.106 x InD)
Total Pb C = 0.903 - (0.135 x InD)

wheri-- I is the concentration of lead in air (ug/m3) at the downwind distance, D (m), measured
from the edge of the road. The numerical coefficients are specific for this site, and were
fount' to vary with windspeed and traffic density. *•

Vertical profiles showed decreasing lead concentrations with increasing height for
coarse, fine, and total particulate lead at 5 and 25 m downwind, although the effect was less
pronounced at 25 m. Bullin et al. (1985) found similar results in Houston, somewhat tempered
b> greater mixing due to the presence of tall buildings.
6 2.2.2 Dispersion of Lead on an Urban Scale. In cities, air pollutants, including lead,
th?t are emitted from automobiles tend to be highest in concentration in high traffic areas.
Most U.S. cities have a well-defined central business district (CBD) where lead concentrations
are highest. To illustrate the dispersion of lead experienced in cities, two cases are
presented below.
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Figure 6-1 . Vertical and horizontal distribution of lead downwind
from a roadway in Philadelphia, PA.

Source: Burton and Suggs (1984).
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For the South Coast Basin of Southern California, the area of high traffic density is
more widespread than is characteristic of many cities. Ambient concentrations of lead tend to
be more uniform. For example, Figures 6-2 and 6-3 show the average daily traffic by grid
square and the contour plots of annual average lead concentration, respectively, for 1969
(Kawecki, 1978). In addition, Figure 6-3 shows annual average lead measured at nine sites in
the basin for that year. It is clear that the central portion had atmospheric particulate
lead concentrations of about 3 ug/m3; the outer areas were in the range of 1-2 ug/m3.

Reiter et a!. (1977) have shown similar results for the town of Fort Collins, Colorado,
for a 5.5-hr period in May of 1973. In that study, modeling results showed maximum lead con-
centrations in the center of town around 0.25 ug/m3, which decreased to 0.1 ug/m3 in the
outermost region. Presumably, still lower values would be found at more remote locations.

Apparently, then, lead in the air decreases 2- to 3-fold from maximum values in center
city areas to well populated suburbs, with a further 2-fold decrease in the outlying areas.
These modeling estimates are generally confirmed by measurement in the cases cited above and
in the data presented in Section 7.2.1.
6.2.2.3 Dispersion from Smelter and Refinery Locations. The 11 mines and 5 primary smelters
and refineries shown in Figure 5-3 are not located in urban areas. Most of the 39 secondary
smelters and refineries are likewise non-urban. Consequently, dispersion from these point
source^ should be considered separately, but in a manner similar to the treatment of urban
regions In addition to lead concentrations in air, concentrations in soil and on vegetation
surfaces are often used to determine the extent of dispersion of plumes from smelters and
ref-ineries In a study of smelters in Missouri, Dorn et al. (1976) found that 66 percent of
the nasii of lead was on particles smaller than 4. 7 urn on a farm near a smelter (800 m from the
smelter stack) whereas 73 percent were smaller than 4.7 urn on the control farm. These
author" c"lso noted seasonal differences in particle size distributions, with larger differ-
ences Between the test and control farms during the winter than the spring or summer.
6.2 ?. 1 Jispersion to Regional and Remote Locations. Beyond the immediate vicinity of urban
•jreas ind sme'ter sites, lead in air declines rapidly to concentrations of 0.1 to 0.5 ug/m3.
!'wo nec.-ianism-, responsible for this change are dilution with clean air and removal by deposi-
r.-ior- (Section 5.4). In the absence of monitoring networks that might identify the sources of
lea H -emote areas, two techniques of source identification have been used. Vector gradient
•ana,,1; * *as attempted by Everett et al. (1979) and source reconciliation has been reported by
Sip'priny et al. (1980) and Cass and McRae (1983). A third technique, isotopic composition,
•ia. been used to identify anthropogenic lead in air, sediments, soils, plants, and animals in
jrD.iii. rural, and remote locations (Chow et al., 1975). Whereas this technique can often
identify the source of lead, it has not yet been used to determine the mechanism of transport.
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Rgure 6-2. Spatial distribution of surface street and freeway traffic in the Los
Angeles Basin (103 vehicle miles traveled/day) for 1979.

Source: Kawecki (1978).
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Figure 6-3. Annual average suspended lead concentrations for 1969 in the Los Angeles Basin,
calculated from the model of Cass (1975). The white zones between the patterned areas are
transitional zones between the indicated concentrations.

Source Kdwecki (1978).
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In vector gradient analysis, the sampler is oriented to the direction of the incoming
wind vector, and samples are taken only during the time the wind is within a 30° arc of that
vector. Other meteorological data are taken continuously. As the wind vector changes, a dif-
ferent sampler is turned on. A 360° plot of concentration vs. wind direction gives the direc-
tion from which the pollutant arrives at that location. Only one report of the use of this
technique for lead occurs in the literature (Everett et al., 1979), and analysis of this
experiment was complicated by the fact that in more than half the samples, the lead concentra-
tions were below the detection limit. The study was conducted at Argonne National Laboratory
and the results reflected the influence of automobile traffic east and northeast of this loca-
tion.

Source reconciliation is based on the concept that each type of natural or anthropogenic
emission has a unique combination of elemental concentrations. Measurements of ambient air,
properly weighted during multivariate regression analysis, should reflect the relative amount
of pollutant derived from each of several sources (Stolzenburg et al., 1982). Sievering et
al. (1980) used the method of Stolzenberg et al. (1982) to analyze the transport of urban air
from Chicago over Lake Michigan. They found that 95 percent of the lead in Lake Michigan air
could be attributed to various anthropogenic sources, namely auto emissions, coal fly ash,
cement manufacture, iron and steel manufacture, agricultural soil dust, construction soil
dust, and incineration emissions. This information alone does not describe transport pro-
cesses, but the study was repeated for several locations to show the changing influence of
each source.

Cass and McRae (1983) used source reconciliation in the Los Angeles Basin to interpret
1976 NFAN data (see Sections 4.2.1 and 7.2.1.1) based on emission profiles from several
sources. They developed a chemical element balance model, a chemical tracer model, and a
multivariate statistical model. The chemical element balance model showed that 20 to 22 per-
cent of the total suspended particle mass could be attributed to highway sources. The chemi-
cal tracer model permitted the lead concentration alone to represent the highway profile,
since lead comprised about 12 percent of the mass of the highway generated aerosol. The
multivariate statistical model used only air quality data without source emission profiles to
estimate stoichiometric coefficients of the model equation. The study showed that single
element concentrations can be used to predict the mass of total suspended particles.

Pacyna et al. (1985) used a receptor-oriented Lagrangian model to predict air concentra-
tions in Spitsbergen, Norway, based on estimated emissions from the U.S.S.R. Compared to mea-
sured concentrations, the model was accurate for some metals, but overestimated the air
concentration of lead by an average factor of 1.8. The consistent pattern in the ratio of
estimated to measured air concentration led the authors to suggest that a more accurate esti-
mate of lead emissions might correct the discrepancy.
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A type of source reconciliation, chemical mass balance, has been used for many years by
geochemists in determining the anthropogenic influence on the global distribution of elements.
Two studies that have applied this technique to the transport of lead to remote areas are
Murozumi et al. (1969) and Shirahata et al. (1980). In these studies, the influence of
natural or crustal lead was determined by mass balance, and the relative influence of anthro-
pogenic lead was established. In the Shirahata et al. (1980) study, the influence of anthro-
pogenic lead was confirmed quantitatively by analysis of isotopic compositions in the manner
of Chow et al. (1975).

Harrison and Williams (1982) determined air concentrations, particle size distributions,
and total deposition flux at one urban and two rural sites in England. The urban site, which
had no apparent industrial, commercial, or municipal emission sources, had an air-lead concen-
tration of 3.8 M9/"!3, whereas the two rural sites were about 0.15 ug/m3. The average particle
size became smaller toward the rural sites, as the mass median aerodynamic diameter (MMAO)
shifted downward from 0.5 urn to 0.1 urn. The total deposition flux will be discussed in Sec-
tion 6.4.2.

Knowledge of lead concentrations in the oceans and glaciers provides some insight into
the degrees of atmospheric mixing and long range transport. Tatsumoto and Patterson (1963),
Chow and Patterson (1966), and Schaule and Patterson (1980) measured dissolved lead concentra-
tions in sea water in the Mediterranean, ifl the Central North Atlantic (near Bermuda), and in
the northeast Pacific, respectively. The profile obtained by Schaule and Patterson (1980) is
shown in Figure 6-4. Surface concentrations in the Pacific (14 ng/kg) were found to be higher
than those of the Mediterranean or the Atlantic, decreasing abruptly with depth to a relative-
ly constant level of 1-2 ng/kg. The vertical gradient was found to be much less in the
Atlantic (Figure 6-5). Tatsumoto and Patterson (1963) had earlier estimated an average sur-
face lead concentration of 200 ng/kg in the northern hemispheric oceans. Chow and Patterson
(1966) revised this estimate downward to 70 ng/kg. Below the mixing layer, there appears to
be no difference between lead concentrations in the Atlantic and Pacific. These studies are
significant in that they show that seawater concentrations during prehistoric times (below the
mixing layer) were constant and much lower than modern seawater concentrations at the surface.
From these data, it is possible to calculate present and prehistoric atmospheric inputs to the
oceans (Schaule and Patterson, 1980), and by inference, the prehistoric concentrations of lead
in dir. They estimated the present inputs are 60-68 ng/cm2-yr, which is 10-20 times the pre-
historic rate

a/iersma ind Oavidson (1985) have reviewed published data on trace metal concentrations
(including lead) in the atmosphere at remote northern and southern hemispheric sites. The
natural sources for such atmospheric trace metals include the oceans and the weathering of the
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earth's crust, while the anthropogenic source is particulate air pollution. Enrichment fac-
tors for concentrations relative to standard values for the oceans and the crust were calcula-
ted (Table 6-2); the crustal enrichment factors for the northern and southern hemispheres sug-
gest that 90 percent of the particulate pollutants in the global troposphere are injected in
the northern hemisphere. Since the residence times for particles in the troposphere are much
less than the interhemispheric mixing time (Poet et al., 1972), it is unlikely that signifi-
cant amounts of particulate pollutants can migrate from the northern to the southern hemi-
sphere via the troposphere; however, this does not rule out stratospheric transfer.

TABLE 6-2. ENRICHMENT OF ATMOSPHERIC AEROSOLS OVER CRUSTAL ABUNDANCE (EF . ,)
IN REMOTE AREAS OF THE NORTHERN AND SOUTHERN HEMISPHERES crustal

Element

AT
Si
Fe

Mn

Ca
Co

V

Cr

C-j
Zn
Sb
Pb

Cd
SP

Remote air concentration
range , ng/m3

0.3-1200
21-3900
0.25-660

0.0067-190

1.9-1600
0.0017-1.0

0.001-1.5

0.01-7.0

0.06-110
0.035-110
0.002-0.9
0.027-97

0.02-2.2
0.006-1.4

Global
EFcrustal
1.0
0.84
1.3

1.5

1.8
1.9

3.3

3.6

25
50
211
320

1100
3500

Remote
continental
EFcrustal
1.0
0.7 .
1.5(N)D
l.O(S)
2.0(N)
l.O(S)
1.5
1.5(N)
0.9(S)
1.5

6.0(N)
l.O(S)
20
80
500
2000(N)
80(S)
2000
1000

Remote
marine

EFcrustal
1.0
0.7
2.5(N)
l.O(S)
3.0(N)
l.O(S)
8.0
4.0(N)
0.9(5)
15(N)
1.5(5)
20(N)
l.O(S)
150
400
2000
2000(N)
150(5)
5000
6000

aSee text for explanation of the relationship between air concentration and EFcrus*al
(N) = northern hemisphere; (S) = southern hemisphere.

Source: data from Wiersma and Davidson (1985).
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Murozumi et al. (1969) have shown that long range transport of lead particles emitted
from automobiles has significantly polluted the polar glaciers. They collected samples of
snow and ice from Greenland and the Antarctic. As shown in Figure 6-6, they found that the
concentration of lead in Greenland varied inversely with the geological age of the sample.
The authors attribute the gradient increase after 1750 to the Industrial Revolution and the
accelerated increase after 1940 to the increased use of lead alkyls in gasoline. The most
recent levels found in the Antarctic snows (not shown on Figure 6-6) were less than those
found in Greenland by a factor of 10 or more. Before 1940, the concentrations in the Antarc-
tic were below the detectable level (<0.001 ug/kg) and have risen to 0.2 ug/kg in recent snow.

Evidence from remote areas of the world suggests that lead and other fine particle
components are transported substantial distances, up to thousands of kilometers, by general
weather systems. The degree of surface contamination of remote areas with lead depends both
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on weather influences and on the degree of air contamination. However, even in remote areas,
man's primitive activities can play an important role in atmospheric lead levels. Oavidson et
al. (1982) have shown that there are significant levels of fine particle lead, up to 0.5
Mg/m3, in remote villages in Nepal. The apparent source is combustion of dried yak dung,
which contains small amounts of naturally occurring lead derived from plant life in those
remote valleys.

6.3 TRANSFORMATION OF LEAD IN AIR
6.3.1 Particle Size Distribution

Whitby et al. (1975) placed atmospheric particles into three different size regimes: the
nuclei mode (<0.1 urn), the accumulation mode (0.1-2 urn) and the large particle mode (>2
^im). At the source, lead particles are generally in the nuclei and large particle modes.
Large particles are removed by deposition close to the source and particles in the nuclei mode
diffuse to surfaces or agglomerate while airborne to form larger particles of the accumulation
mode. Thus it is in the accumulation mode that particles are dispersed great distances.

Pierson and Brachaczek (1983) reported particle size distributions for ambient air that
were skewed farther to the right (more large particles) than in a roadway tunnel, where
vehicle exhaust must be dominant (Figure 6-7). The large particles may have been deposited in
the roadway itself and small particles may have agglomerated during transport away from the
roadway (see Section 5.3.3.1). Since 40 to 1,000 urn particles are found in gutter debris,
deposition of large particles appears confirmed (Pierson and Brachaczek, 1976, 1983).

Particle size distributions reported by Huntzicker et al. (1975) show bimodal distribu-
tions for on-roadway samples, with peak mass values at about 0.1 and 10 urn. For off-roadway
Pasadena samples, there is no evidence of bimodal ity and only a broad maximum in lead mass
between 0.1 and 1 urn.

[n cities or in rural areas, there is a remarkable consistency in lead particle size
range. For example, Robinson and Ludwig (1964) report cascade impactor MMAD values for lead
ranging from 0 23 to 0.3 (jm in six U.S. cities and three rural areas. Stevens et al. (1978)
nave reported dichotomous sampler data for six U.S. cities, as shown in Table 6-3, and Stevens
et 31. (1980, 1982) have reported similar results for remote locations. Virtually every other
itucy reported in the literature for Europe, South America, and Asia has come to the conclu-
sion that, ambient urban and rural air contains predominantly fine particles (Cholak et al.,
1968; De Jonghe and Adams, 1980; Durando and Aragon, 1982; Lee et al. , 1968; Htun and
Ramachandran, 1977). The size distributions of lead-bearing particles in ambient air from
severa' globa; locations are discussed further in Section 7.2.1.3.1 and shown in Figure 7-5.
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TABLE 6-3. DISTRIBUTION OF LEAD IN TWO SIZE FRACTIONS AT SEVERAL SITES IN THE UNITED STATES

Location

New York, NY

Philadelphia, PA

South Charleston, WV

St. Louis, MO

Portland, OR

Glendora, CA

Average

Date

2/1977

2-3/1977

4-8/1976

12/1975

12/1977

3/1977

Fine3

1.1

0.95

0.62

0.83

0.87

0.61

Coarse3

0.18

0.17

0.13

0.24

0.17

0.09

F/C ratio

6.0

5.6

4.6

3.4

5.0

6.7

5.2

Data are in ug/m3.

Source: Stevens et al. (1978).

The data in Table 6-3 indicate that there is about five times more lead associated with
small particles than large particles in urban atmospheres. It appears that lead particle size
distributions are stabilized close to roadways and remain constant with transport into remote
environments (Gillette and Winchester, 1972).

6.3.2 Organic (Vapor Phase) Lead in Air
Small amounts of lead additives may escape to the atmosphere by evaporation from fuel

systems or storage facilities. Tetraethyl lead (TEL) and tetrame thy Head (TML) photochemical^
decompose when they reach the atmosphere (Huntzicker et al., 1975; National Air Pollution
Contra"1 Administration, 1965). The lifetime of TML is longer than that of TEL. Laveskog
(19711 found that transient peak concentrations of osganolead up to 5,000 ug/m3 in exhaust gas
•nay 0*2 reached in a cold-started, fully choked, and poorly tuned vehicle. If a vehicle with
such emissions *ere to pass a sampling station on a street where the lead level might typical-
ly OH 0.02-0.04 ug/m3, a peak of about 0.5 ug/m3 could be measured as the car passed by. The
daca reported by Laveskog were obtained with a procedure that collected very small (100 ml),
iho'-t-time (10 min) air samples. Harrison et al. (1975) found levels as high as 0.59 ug/m3

(9 7 percent of total lead) at a busy gasoline service station in England. Grandjean and
Nielsen (1979), using GC-MS techniques, found elevated levels (0.1 ug/m3) of TML in city
streets in Denmark and Norway. These authors attributed these results to the volatility of
TML compared with TEL.
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A number of studies have used gas absorbers behind filters to trap vapor-phase lead com-
pounds (see Section 4.2.2.5). Because it is not clear that all the lead captured in the back-
up traps is, in fact, in the vapor phase in the atmosphere, "organic" or "vapor phase" lead is
an operational definition in these studies.- Purdue et al. (1973) measured both particulate
and organic lead in atmospheric samples. They found that the vapor phase lead was about 5
percent of the total lead in most samples (see Section 5.3.3.1). The results are consistent
with the studies by Huntzicker et al. (1975) who reported an organic component of 6 percent of
the total airborne lead in Pasadena for a 3-day period in June, 1974, and by Skogerboe (1976),
who measured fractions in the range of 4 to 12 percent at a site in Fort Collins, Colorado. It
is noteworthy, however, that in an underground garage, total lead concentrations were approxi-
mately five times greater than those in ambient urban atmospheres, and the organic lead
increased to approximately 17 percent.

Harrison et al. (1979) report typical organolead percentages in ambient urban air of 1-6
percent. Rohbock et al. (1980) reported higher fractions, up to 20 percent, but the data and
interpretations have been questioned by Harrison and Laxen (1981). Rohbock et al. (1980) and
De Jonghe and Adams (1980) report one to two orders of magnitude decrease in organolead con-
centrations from the central urban areas to residential areas. A review by Nielsen (1984)
documents the concentrations of organolead in partially enclosed areas such as gas stations,
parking garages, car repair shops, and tunnels, and in open urban and rural areas in the U.S.
and Europe. Mean concentrations varied from 0.15 to 3.5 ug organolead/m3 in enclosed areas
and 0.014 to 0.47 in open urban areas.

6.3.3 Chemical Transformations of Inorganic Lead in Air
Lead is emitted into the air from automobiles as lead ha Tides and as double salts with

ammonium halides (e.g., PbBrCl • 2NH4C1). From mines and smelters, PbS04, PbO«PbS04, and PbS
appear to be the dominant species. In the atmosphere, lead is present mainly as the sulfate
with minor amounts of halides. It is not completely clear just how the chemical composition
changes in transport.

Biggins and Harrison (1978, 1979) have studied the chemical composition of lead particles
in exhaust and in city air in England by X-ray diffractometry. These authors reported that
the dominant exhaust forms were PbBrCl, PbBrCl-2NH4C1, and a-2PbBrCl-NH4C1, in agreement with
the earlier studies of Hirschler and Gilbert (1964) and Ter Haar and Bayard (1971).

At sampling sites in Lancaster, England, Biggins and Harrison (1978, 1979) found
PbS04-(NH4)2S04, and PbS04-(NH4)2BrCl together with minor amounts of the lead halides and
double salts found in auto exhaust. These authors suggested that emitted lead halides react
with acidic gases or aerosol components (S02 or H2S04) on filters to form substantial levels
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2-
of sulfate salts. It is not clear whether reactions with S04 occur in the atmosphere or on
the sample filter.

The ratio of Br to Pb is often cited as an indication of automotive emissions. From the
mixtures commonly used in gasoline additives, the mass Br/Pb ratio should be 0.4-0.5 (Pierson
and Brachaczek, 1976, 1983; Dzubay et al., 1979; Dietzmann et al., 1981; Lang et al., 1981).
However, several authors have reported loss of halide, preferentially bromine, from lead salts
in atmospheric transport (Dzubay and Stevens, 1973; Pierrard, 1969; Ter Haar and Bayard,
1971) Both photochemical decomposition (Lee et al., 1971; Ter Haar and Bayard, 1971) and
acidic gas displacement (Robbins and Snitz, 1972) have been postulated as mechanisms. Chang
et al (1977) have reported only very slow decomposition of lead bromochloride in natural sun-
light, currently the acid displacement of halide seems to be the most likely mechanism.
O1Connor at al. (1977) have compared roadside and suburban-rural aerosol samples from western
Australia and reported no loss in bromine; low levels of S02 and sulfate aerosol could account
for that result. Harrison and Sturges (1983) warn of several other factors that can alter the
8r/Pb ratio. Bromine may pass through the filter as hydrogen bromide gas, lead may be
retained in the exhaust system, or bromine may be added to the atmosphere from other sources,
such as marine aerosols. They concluded that Br/Pb ratios are only crude estimates of automo-
bile emissions, and that this ratio would decrease with distance from the highway from 0.39 to
0.35 at less proximate sites to 0.25 in suburban residential areas. For an aged aerosol, the
Br/Pb mass ratio is usually about 0.22.

Habibi et al. (1970) studied the composition of auto exhaust particles as a function of
particle size. Their main conclusions follow:

1. Chemical composition of emitted exhaust particles is related to particle size.

a. Very large particles, greater than 200 urn, have a composition similar to
lead-containing material deposited in the exhaust system, confirming that
they have been emitted from the exhaust system. These particles contain
approximately 60 to 65 percent lead salts, 30 to 35 percent ferric oxide
(FeaOg), and 2 to 3 percent soot and carbonaceous material. The major
lead salt is lead bromochloride (PbBrCl), with (15 to 17 percent) lead
oxide (PbO) occurring as the 2PbO-PbBrCl double salt. Lead sulfate and
lead phosphate account for 5 to 6 percent of these deposits. (These
compositions resulted from the combustion of low-sulfur and low-phosphorus
fuel.)

b. PbBrCl is the major lead salt in particles of 2 to 10 urn equivalent diame-
ter, with 2PbBrCl-NH4C1 present as a minor constituent.

c. Submicrometer-sized lead salts are primarily ZPbBrCl-NH4C1.
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2. Lead-halogen molar ratios in particles of less than 10 urn MMAD indicate that
much more halogen is associated with these solids than the amount expected from
the presence of 2PbBrCl'NH4C1, as identified by X-ray diffraction. This is
particularly true for particles in the 0.5 to 2 urn size range.

3. There is considerably more soot and carbonaceous material associated with
fine-mode particles than with coarse mode particles re-entrained after having
been deposited following emission from the exhaust system. This carbonaceous
material accounts for 15 to 20 percent of the fine particles.

4. Particulate matter emitted under typical driving conditions is rich in carbona-
ceous material. There is substantially less material emitted under continuous
hot operation.

5. Only small quantities of 2PbBrCl -N^Cl were found in samples collected at the
tailpipe from the hot exhaust gas. Its formation therefore takes place primar-
ily during cooling and mixing of exhaust with ambient air.

Foster and Lott (1980) used X-ray diffractometry to study the composition of lead cow-
pounds associated with ore handling, sintering, and blast furnace operations around a lead
smelter in Missouri. Lead sulfide was the main constituent of those samples associated with
ore handling and fugitive dust from open mounds of ore concentrate. The major constituents
from sintering and blast furnace operations appeared to be PbS04 and PbO-PbS04, respectively.

6.4 REMOVAL OF LEAD FROM THE ATMOSPHERE
Before atmospheric lead can have any effect on organisms or ecosystems, it must be trans-

ferred from the air to a surface by wet or dry deposition.
•»

6.4.1 Dry Deposition
6.4.1.1 Mechanisms of Dry Deposition. The theory and mechanics of particle deposition from
the atmosphere to smooth surfaces are fairly well understood (Friedlander, 1977). Transfer by
dry deposition requires that the particle move from the main airstream through the boundary
layer to a surface. The boundary layer is defined as the region of minimal air flow imme-
diately adjacent to that surface. The thickness of the boundary layer depends mostly on the
windspeed and roughness of the surface. Schack et al. (1985) have extended particle deposi-
tion theory to include completely rough surfaces, such as terrestrial surfaces.

Airborne particles do not follow a smooth, straight path in the airstream. On the con-
trary, the path of a particle may be affected by micro-turbulent air currents, gravitation, or
inertia. There are several mechanisms that may alter the particle path enough to cause trans-
fer to a surface. These mechanisms are a function of particle size, windspeed, and surface
characteristics.
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Particles larger than a few micrometers in diameter are influenced primarily by sedimen-
tation, where the particle accelerates downward until aerodynamic drag is exactly balanced by
gravitational force. The particle continues at this velocity until it reaches a surface.
Sedimentation is not influenced by horizontal windspeed or surface characteristics. Particles
moving in an airstream may be removed by impaction whenever they are unable to follow the air-
stream around roughness elements of the surface, such as leaves, branches, or tree trunks. In
this case, the particle moves parallel to the airstream and strikes a surface perpendicular to
the airstream. A related mechanism, turbulent inertial deposition, occurs when a particle en-
counters turbulence within the airstream causing the particle to move perpendicular to the
airstream. It may then strike a surface parallel to the airstream. In two mechanisms, wind
eddy diffusion and interception, the particle remains in the airstream until it is transferred
to a surface. With wind eddy diffusion, the particle is transported downward by turbulent
eddies. Interception occurs when the particle in the airstream passes within one particle
radius of a surface. This mechanism is more a function of particle size than windspeed. The
final mechanism, Brownian diffusion, is important for very small particles at very low wind-
speeds. Brownian diffusion is motion, caused by random collision with molecules, in the di-
rection of a decreasing concentration gradient.

Transfer from the main airstream to the boundary layer is usually by sedimentation or
wind eddy diffusion. From the boundary layer to the surface, transfer may be by any of the
six mechanisms, although those that are independent of windspeed (sedimentation, interception,
Brownian diffusion) are more likely. Determining deposition onto rough surfaces requires
information of the height, shape and density of protrusions from the surface into the boundary
layer (Schack et al., 1985). If dry deposition is seen as a two-step process, diffusion
through the boundary layer and interception by the surface, then for rough surfaces with rapid
eddy diffusion, interception by the protrusion surfaces becomes the rate-limiting step. Con-
sequently, surfaces such as water, grass, or bare rocks can be evaluated using a general
correlation with a reference surface (Schack et al., 1985), and a more complete understanding
of dry deposition to natural surfaces may be possible with the application of these experimen-
tal results.
6.4.1.2 Dry deposition models. A particle influenced only by sedimentation may be considered
to be moving downward at a specific velocity usually expressed in cm/sec. Similarly, parti-
cles transported to a surface by any mechanism are said to have an effective deposition velo-
city (V.), which is an expression of the rate of particle mass transfer measured by accumula-
tion on a surface as a function of time and air concentration. This relationship is expressed
in the equation:
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Vd = J/C (6-1)

where J is the flux or accumulation expressed in ng/cm2-s and C is the air concentration in
ng/cm3. The units of V, become cm/sec.

Several recent models of dry deposition have evolved from the theoretical discussion of
Fuchs (1964) and the wind tunnel experiments of Chamberlain (1966). From those early works,
it was obvious that the transfer of particles from the atmosphere to the Earth's surface in-
volved more than rain or snow. The models of Slinn (1982) and Davidson et al. (1982) are par-
ticularly useful for lead deposition and were strongly influenced by the theoretical discus-
sions of fluid dynamics by Friedlander (1977). SI inn's model considers a multitude of vegeta-
tion parameters to find several approximate solutions for particles in the size range of 0.1-
1.0 urn. In the absence of appropriate field studies, Slinn (1982) estimates deposition velo-
cities of 0.01-0.1 cm/sec.

The model of Davidson et al. (1982) is based on detailed vegetation measurements and wind
data to predict a V, of 0.05-1.0 cm/sec. Deposition velocities are specific for each vegeta-
tion type. This approach has the advantage of using vegetation parameters of the type made
for vegetation analysis in ecological studies (density, leaf area index (LAI), height, dia-
meter) and thus may be applicable to a broad range of vegetation types for which data are al-
ready available in the ecological literature.

Both models show a decrease in deposition velocity with decreasing particle size down to
about 0.1-0.2 urn, followed by an increase in V. with decreasing diameter from 0.1 to 0.001
cm/sec. On a log plot of V, versus diameter, this curve is v-shaped (Sehmel, 1980), and the
plots of several vegetation types show large changes (10X) in minimum V,, although the minima
commonly occur at about the same particle diameter (Figure 6-8). Although shown on the dia-
gram, particles larger than 0.1 urn diameter are not likely to have a density as great as 11.5
g/km3.

In summary, it is not correct to assume that air concentration and particle size alone
determine the flux of lead from the atmosphere to terrestrial surfaces. The type of vegetation
canopy and the influence of the canopy on windspeed are important predictors of dry deposi-
tion. Both of these models predict deposition velocities more than one order of magnitude
lower than reported in several earlier studies (e.g., Sehmel and Hodgson, 1976).
6.4.1.3 Calculation of Dry Deposition. The data required for calculating the flux of lead
from the atmosphere by dry deposition are leaf area index (LAI), windspeed, deposition velo-
city, and air concentration by particle size. The LAI should be total surface rather than up-
facing surface, as used in photosynthetic productivity measurements. LAI's should also be
expressed for the entire community rather than by individual plant, in order to incorporate
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variations in density. Some models use a more generalized surface roughness parameter, in
which case the deposition velocity may also be different.

The value selected for V. depends on the type of vegetation, usually described as either
short (grasses or shrubs) or tall (forests). For particles with an WAD of about 0.5 urn,
Hicks (1979) gives values for tall vegetation deposition velocity from 0.1-0.4 cm/sec.
Lannefors et al. (1983) estimated values of 0.2-0.5 cm/sec in the particle size range of
0.06-2.0 urn in a coniferous forest. For lead, with an MMAD of 0.55 ̂im, they measured a depo-
sition velocity of 0.41 cm/sec. In a series of articles (Wiman and Agren, 1985; Wiman and
Lannefors, 1985; and Wiman et al., 1985), this research group has described the modeling para-
meters required to define deposition in coniferous forests. They found a significant deple-
tion of aerosols from the forest edge to the interior, and distinct edge effects, for larger
particles, but nearly negligible depletion and edge effects for submicron particles. This
suggests that because lead is borne primarily on particles less than 1 urn, lead deposition
within a forest may be comparable to open grasslands and other vegetation types.
6.4.1.4 Field Measurements of Dry Deposition on Surrogate and Natural Surfaces. Several in-
vestigators have used surrogate surface devices similar to those described in Section 4.2.2.4.
These data are summarized in Table 6-4. The few studies available on deposition to vegetation
surfaces show deposition rates comparable to those of surrogate surfaces and deposition velo-
cities in the range predicted by the models discussed above. A study to compare vegetation
washing and several types of surrogate surfaces was reported by Dolske and Gatz (1984). Al-
though the study emphasizes sulfate particles, the devices and techniques are similar to those
used for lead. One important observation was that surrogate surface devices may be more re-
presentative of actual deposition if the device has a very shallow rim or no rim at all.
Therefore, the data of Table 6-4 do not include measurements made with deposition buckets. In
Section 6.4.3, these data are used to show that global emissions are in approximate balance
with global deposition. It is reasonable to expect that future refinements of field measure-
ments and model calculations will permit more accurate estimates of dry deposition in specific
regions or under specific environmental conditions.

6.4.2 Wet Deposition
Wet deposition includes removal by rainout and washout. Rainout occurs when particulate

matter is present in the supersaturated environment of a growing cloud. The small particles
(0.1 to 0.2 unO act as nuclei for the formation of small droplets, which grow into raindrops
(Junge, 1963). Droplets also collect particles under 0.1 urn by Brownian motion and by the
water-vapor gradient. These processes are referred to as rainout. Washout, on the other
hand, occurs when falling raindrops collect particles by diffusion and impaction on the way to
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TABLE 6-4. SUMMARY OF SURROGATE AND VEGETATION SURFACE DEPOSITION OF LEAD

Depositional surface

Tree leaves (Paris)

Tree leaves (Tennessee)

Plastic disk (remote

Deposition,
ng Pb/cm2-day

0.38

0.29-1.2

0.02-0.08

Air cone,
ng/m3

---

13-31

Deposition velocity,
cm/sec

0.086
—

0.05-0.4

Reference

1

2

3
Cal i form'a)

Plastic plates 0.29-1.5 110 0.05-0.06 4
(Tennessee)

Tree leaves (Tennessee) — 110 0.005 4

Snow (Greenland) 0.004 0.1-0.2 0.1 5

Grass (Pennsylvania) — 590 0.2-1.1 6

Coniferous forest (Sweden) 0.74 21 0.41 7

1. Servant, 1975.
2. Lindberg et al., 1982.
3. Elias and Davidson, 1980.
4. Lindberg and Harriss, 1981.
5. Davidson et al. , 1981.
6. Oavidson et al.. 1982.
7. Lannefors et al., 1983.

the ground. The limited data on the lead content of precipitation indicate a high variabi-
lity.

Vet deposition in rural and remote areas can often indicate regional or global processes
thtt "emove lead from the atmosphere. Talbot and Andren (1983) measured lead in air and rain
at a ;emiremote site in Wisconsin. They found that wet deposition appeared to represent 80
percent of the total deposition of lead, and the total atmospheric flux of lead was
3 ugAiVyr There was a sharp increase in lead deposition during the summer months.

Deposition to a snowpack can be informative if the measurement correctly samples lead
that was deposited with the snow during a period of no snowmelt (Barrie and Vet, 1984). These
authors reported deposition of 1.8 mg/m2/yr to a snowpack of the East Canadian shield. Al-
though they .Tieticulously avoided collecting melted snow, it was not clear how they accounted
for dry deoosition deposited between periods of snowfall.
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A study of cloud droplet capture by vegetation (Lovett, 1984) suggests a possible mechan-
ism of deposition not included in wet or dry deposition. Although data on lead are not avail-
able, the mass transfer of water by this mechanism (0.01 cmVhr) suggests that, at a concen-
tration of 1 ug Pb/kg, the flux of lead could be 0.01 ng/cm2 for each hour of cloud droplet
exposure.

Lazrus et al. (1970) sampled precipitation at 32 U.S. stations and found a correlation
between gasoline used and lead concentrations in rainfall in each area. Similarly, there is
probably an inverse correlation between lead concentration in rainfall and distance from large
stationary point sources. The authors pointed out that at least twice as much lead is found
in precipitation as in water supplies, implying the existence of a process by which lead is
removed from water in the soil after precipitation reaches the ground. Russian studies
(Konovalov et al., 1966) point to the insolubility of lead compounds in surface waters and
suggest removal by natural sedimentation and filtration.

Lindberg et al. (1979) evaluated the deposition of Pb by wet and dry processes in a study
at Walker Branch Watershed in eastern Tennessee during the period 1976-1977. The mean annual
precipitation in the area is approximately 140 cm. Results for a typical year are reported in
Table 6-5. Wet deposition was estimated to contribute approximately 50 percent of the total
atmospheric input during this period, but on a seasonal basis ranged from 20 percent to 60
percent of total deposition. Further details on these studies have been published (Lindberg
et al. , 1982; Lindberg, 1982).

6.4.3 Global Budget of Atmospheric Lead
The geochemical mass balance of lead in the atmosphere may be determined on a global

basis from quantitative estimates of inputs and outputs, fliputs are from natural and anthro-
pogenic emissions described in Section 5.2 and 5.3. They amount to 450,000-475,000 metric
tons annually (Nriagu, 1979). This simple procedure is an informative exercise that shows
whether the observed emission rates and deposition rates can, by making a minimum number of
reasonable assumptions, be brought into arithmetic balance. Each assumption can be tested in-
dependently, within the constraints of the overall model. For example, Table 6-6 assumes an
average concentration of 0.4 ug Pb/kg precipitation. The total mass of rain and snowfall is
5.2 x 1017 kg/yr, so the amount of lead removed by wet deposition is approximately 208,000
t/yr. The average concentration of lead in precipitation cannot be greater than 0.8 ugAg
(although values higher than this are commonly found in the scientific literature), since this
would exceed the estimates of global emissions. Furthermore, a value this high would preclude
dry deposition. For dry deposition, a crude estimate may be derived by dividing the surface
of the earth into three major vegetation types based on surface roughness or LAI. Oceans,
polar regions, and deserts have a very low surface roughness and can be assigned a deposition

6-27



TABLE 6-5. ANNUAL AND SEASONAL DEPOSITION OF Pb AT WALKER BRANCH WATERSHED,3 mg/m2

Period
Atmospheric deposition of Pb

Wet Dry

MEAN Daily deposition
Winter
Spring
Summer
Fall

Total year
Mean daily deposition

1.9 x 01-2
2.4
0.3
2.7
1.6

7.0 2
1.9 x 10

2.2 x 10-2
1.8
1.5
3.1
1.6

8.0 2
2.2 x 10

Calculated for a typical year from data collected during 1976-1977.
Winter = November-February, Spring = March and April, Summer = May-August, Fall = September
and October.

Source: Lindberg et al., 1979.

TABLE 6-6. ESTIMATED GLOBAL DEPOSITION OF ATMOSPHERIC LEAD

Wet
To oceans
To continents

Ory

To oceans , ice caps,
deserts

Grassland, agricultural
areas, and tundra

Forests

Mass of water,
10 17 kg/yr

A.I
1.1

Area,
1012 m2

405

46

59

Lead concentration,
10- 6 g/kg

0.4
0.4

Total wet:

Deposition rate,
10-3 g/m2-yr

0.22

0.71

1.5

Total dry:
Total wet:
Global:

Lead deposition,
106 kg/yr

164
44

208

Deposition,
106 kg/yr

89

33

80

202
208
410

Source: This report.
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velocity of 0.01 cm/sec, which gives a flux of 0.2 ug/m2-yr, assuming 75 ng Pb/ra3

air concentration. Grasslands, tundra, and other areas of low-lying vegetation have a some-
what higher deposition velocity; forests would have the highest. Values of 0.3 and 0.65 can
be assigned to these two vegetation types, based on the data of Davidson et al. (1982).
Whittaker (1975) lists the global surface area of each of the three types as 405, 46, and 59 x
1012 m2, respectively. In the absence of data on the global distribution of air concentra-
tions of lead, an average of 0.075 ug/m3 is assumed. Multiplying air concentration by depo-
sition velocity gives the deposition flux for each surface roughness type shown on Table 6-6.
The combined wet and dry deposition is 410,000 metric tons, which compares favorably with the
estimated 450,000-475,000 metric tons of emissions.

The data used above are not held to be absolutely firm. Certainly, more refined esti-
mates of air concentrations and deposition velocities can be made in the future. On the other
hand, the calculations above show some published calculations to be unreasonable. In particu-
lar, if the values for lead in rain (36 MQ/kg) reported by Lazrus et al. (1970) were applied
to this global model, more than 50 times the total global emissions would be required for mass
balance. Likewise, deposition fluxes of 0.95 ug/cm2-yr reported by Jaworowski et al. (1981)
would account for 10 times global emissions. Chemical mass balance budgets are an effective
aid to evaluating reports of environmental lead data.

6.5 TRANSFORMATION AND TRANSPORT IN OTHER ENVIRONMENTAL MEDIA
6.5.1 Soil

The accumulation of lead in soils is primarily a function of the rate of deposition,
since most lead is retained by the soil and very little passes through into surface or ground
water. The wet and dry deposition rates discussed in Section 6.4 would apply provided the
surface roughness and location (urban, rural, remote) are considered. A value of 8 mg/m2 yr
such as that measured by Talbot and Andren (1983) in a semiremote location in Wisconsin con-
verts to 0.8 pg/cm2 yr. It is difficult to generalize on the depth of penetration of lead in
undisturbed soils, but if it is assumed that most of the lead is retained in the upper 5 cm
(Reaves and Berrow, 1984; Garcia-Miragaya, 1984), then the accumulation rate of 0.8 ug/cm2 yr
becomes 0.16 ug/cm3 yr, or 0.16 ug/g if a density of 1 is assumed for soil. Ewing and Pearson
(1974) reported an accumulation of 13 ug/g soil from the 1920's to the late 1960's, or an
annual rate of about 0.26 ug/g in a rural setting. It should be noted that the atmospheric
concentration of lead increased 20-fold during this period (Shirahata et al., 1980). Page and
Ganje (1970) found an accumulation of 0.83 ug/g during the same time for a site near high
traffic density.
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These accumulation rates are discussed further in Section 7.2.2.1. Understanding the
distinction between atmospheric and natural lead in soil can provide some insight into the
mechanisms regulating transport in soil. Of particular importance are solubility and the sta-
bility of lead complexes with humic substances.

Soils have both a liquid and solid phase, and trace metals are normally distributed be-
tween these two phases. In the liquid phase, metals may exist as free ions or as soluble com-
plexes with organic or inorganic ligands. Organic ligands are typically humic substances such
as fulvic or humic acid; inorganic ligands may be iron or manganese hydrous oxides. Since
lead rarely occurs as a free ion in the liquid phase (Camerlynck and Kiekens, 1982), its mobi-
lity in the soil solution depends on the availability of organic or inorganic ligands. The
liquid phase of soil often exists as a thin film of moisture in intimate contact with the
solid phase. The availability of metals to plants depends on the equilibrium between the
liquid and solid phase.

In the solid phase, metals may be incorporated into crystalline minerals of parent rock
material, into secondary clay minerals, or precipitated as insoluble organic or inorganic com-
plexes. They may also be adsorbed onto the surfaces of any of these solid forms. Of these
categories, the most mobile form is in the film of moisture surrounding soil particles, where
lead can move freely into plant roots or soil microorganisms with dissolved nutrients. The
least mobile is parent rock material, where lead may be bound within crystalline structures
over geologic periods of time. Intermediate are the lead complexes and precipitates. Trans-
formation from one form to another depends on the chemical environment of the soil. For exam-
ple, at pH 6-8, insoluble organic-Pb complexes are favored if sufficient organic matter is
available; otherwise hydrous oxide complexes may form or the lead may precipitate with the
carbonate or phosphate ion. In the pH range of 4-6, the organic-Pb complexes become soluble.
Soils outside the pH range of 4-8 are rare. The interconversion between soluble and insoluble
organic complexes affects the equilibrium of lead between the liquid and solid phase of soil.

Dong pt al (1985) found that only 0.2 percent of the total lead in soil can be released
to solution oy physical shaking. Even if 99.99 percent of the total lead in soil is immobil-
izecl, 0.01 percent of the total lead in soil can have a significant effect on plants and mi-
croorganisms if the soils are heavily contaminated with lead (see Section 8.3.1).

The water soluble and exchangeable (as determined by chemical extraction) forms of metals
are ths forms generally considered potentially available for plant uptake. It is important
not to confuse the term "extractable" with "plant uptake." Lead that can be extracted from
r j o i i by chemical treatment may not be taken up by plants, even though the same chemical treat-
ment is known to release other metals to plants. Because little is known of this relation-
ship, lead that is extractable by chemical means normal for other metals is considered only
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potentially available for plant uptake. Camerlynck and Kiekens (1982) demonstrated that in
normal soils, only a small fraction of the total lead is in exchangeable form (about 1 ug/g)
and none exists as free lead ions. Of the exchangeable lead, 30 percent existed as stable
complexes, 70 percent as labile complexes. The organic content of these soils was low (3.2
percent clay, 8.5 percent silt, 88.3 percent sand). In heavily contaminated soils near a mid-
western industrial site, Miller and McFee (1983) found that 77 percent of the lead was in
either the exchangeable or organic form, although still none could be found in aqueous solu-
tion. Soils had a total lead content from 64 to 360 ug/g and an organic content of 7-16 per-
cent.

There is evidence that atmospheric lead enters the soil system as PbS04 or is rapidly
converted to PbS04 at the soil surface (01 son and Skogerboe, 1975). Lead sulfate is more
soluble than PbC03 or Pb3(P04)2 and thus could remain mobile if not transformed. Lead could
be immobilized by precipitation as less soluble compounds [PbC03, Pb3(P04)2], by ion exchange
with hydrous oxides or clays, or by chelation with humic and fulvic acids. Santillan-Medrano
and Jurinak (1975) discussed the possibility that the mobility of lead is regulated by the
formation of Pb(OH)2> Pb3(P04)2, Pb5(P04)3OH, and PbC03. This model, however, did not con-
sider the possible influence of organic matter on lead immobilization. Zimdahl and Skogerboe
(1977), on the other hand, found lead varied linearly with cation exchange capacity (CEC) of
soil at a given pH, and linearly with pH at a given CEC (Figure 6-9). The relationship
between CEC and organic carbon is discussed below.

If surface adsorption on clays plays a major role in lead immobilization, then the capa-
city to immobilize should vary directly with the surface-to-volume ratio of clay. In two
separate experiments using the nitrogen BET method for determining surface area and size frac-
tionation techniques to obtain samples with different surface-to-volume ratios, Zimdahl and
Skogerboe (1977) demonstrated that this was not the case. They also showed that precipitation
as lead phosphate or lead sulfate is not significant, although carbonate precipitation can be
important in soils that are carbonaceous in nature or to which lime (CaC03) has been added.

Of the two remaining processes, lead immobilization is more strongly correlated with or-
ganic chelation than with iron and manganese oxide formation (Zimdahl and Skogerboe, 1977).
It is possible, however, that chelation with fulvic and humic acids is catalyzed by the pre-
sence of iron and manganese oxides (Saar and Weber, 1982). This would explain the positive
correlation for both mechanisms observed by Zimdahl and Skogerboe (1977). The study of Miller
and McFee (1983) discussed above indicates that atmospheric lead added to soil is distributed
to organic matter (43 percent) and ferro-rcanganese hydrous oxides (39 percent), with 8 percent
found in the exchangeable fraction (determined by chemical extraction) and 10 percent as in-
soluble precipitates.
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If organic chelation is the correct model of lead immobilization in soil, then several
features of this model merit further discussion. First, the total capacity of soil to immobi-
lize lead can be predicted from the linear relationship developed by Zimdahl and Skogerboe
(1977) (Figure 6-9) based on the equation:

N = 2.8 x 10~6 (A) + 1.1 x 10"s (B) - 4.9 x 10"5 (6-2)

where N is the saturation capacity of the soil expressed in moles/g soil, A is the CEC of the
soil in meq/100 g soil, and B is the pH. Because the CEC of soil is more difficult to deter-
mine than total organic carbon, it is useful to define the relationship between CEC and or-
ganic content. Pratt (1957) and Klemmedson and Jenny (1966) found a linear correlation be-
tween CEC and organic carbon for soils of similar sand, silt, and clay content. The data of
Zimdahl and Skogerboe (1977) also show this relationship when grouped by soil type. They show
that sandy clay loam with an organic content of 1.5 percent might be expected to have a CEC of
12 meq/100 g. From the equation, the saturation capacity for lead in soil of pH 5.5 would be
45 umoles/g soil or 9,300 ug/g. The same soil at pH 4.0 would have a total capacity of 5,900
M9/9-

When the soil contains sufficient organic matter, the adsorption of lead and other metals
is a function of pH. In reality, it is not the total organic matter but the number of reac-
tive sites that determines metal absorption (Harter, 1983), and there appears to be a weak re-
lationship between cation exchange capacity and metal retention. In competition with other
metals, lead would normally be more strongly favored for retention, in accordance with the
Irving-WiTHams series (Irving and Williams, 1953). Gamble et al. (1983) have shown that the
Irving-Wi1!iams series becomes somewhat distorted when the binding sites are chemically dis-
similar

The soil humus model also facilitates the calculation of lead in soil moisture using
values available in the literature for conditional stability constants with fulvic acid (FA).
The term conditional is used to specify that the stability constants are specific for the con-
JiUons of the reaction. Conditional stability constants for humic acid (HA) and FA are com-
parable. The values reported for log K are linear in the pH range of 3 to 6 (Buffle and
Greter, 1979; Buffle et al. , 1976; Greter et al., 1979), so that interpolations in the criti-
cal '•ange of pH 4 to 5.5 are possible. Thus, at pH 4.5, the ratio of complexed lead to ionic
iedd is expected to be 3.8 x 103. For soils of 100 ug/g, the ionic lead in soil moisture
sol Jtion would be 0.03 ug/g. The significance of this ratio is discussed in Section 8.3.1.1.
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Figure 6-9. Variation of lead saturation capacity with cation exchange
capacity (CEC) in soil at selected pH values.
Source: Data from Zimdahl and Skogerboe (1977).
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It is also important to consider the stability constant of the Pb-FA complex relative to
other metals. Schnitzer and Hansen (1970) showed that at pH 3, Fe3 is the most stable in the
sequence Fe3* > Al3* > Cu2+ > Ni2+ > Co2* > Pb2* > Ca2+ > Zn2* > Mn2* > Mg2*. At pH 5, this
sequence becomes Ni2"1" = Co2+ > Pb2+ > Cu2* > Zn2+ = Mn2+ > Ca2* > Mg2+. This means that at
normal soil pH levels of 4.5-8, lead is bound to FA and HA in preference to many other metals
that are known plant nutrients (Zn, Mn, Ca, and Mg). Furthermore, if lead displaces iron in
this scheme, an important function of FA may be inhibited at near saturation capacity (above
6000 ug Pb/g.) Fulvic acid is believed to play a role in the weathering of parent rock mate-
rial by the removal of iron from the crystalline structure of the minerals, causing the rock
to weather more rapidly. In the absence of this process, the weathering af parent rock mate-
rial and the subsequent release of nutrients to soil would proceed more slowly. Bizri et al.
(1984) found stability constants for humic substances were log Kt = 4.2 and log K2 = 3.7. For
humic materials in aquatic systems, Alberts and Giesy (1983) reported conditional stability
constants of log KX = 5.09 and log K2 = 2.00.

6.5.2 Water
6.5.2.1 Inorganic. The chemistry of lead in an aqueous solution is highly complex because
the element can be found in a multiplicity of forms. Hem and Durum (1973) have reviewed the
chemistry of lead in water in detail; the aspects of aqueous lead chemistry that are germane
to this document are discussed in Section 3.3.

Lead in ore deposits does not pass easily to ground or surface water. Any lead dissolved
from primary lead sulfide ore tends to combine with carbonate or sulfate ions to (1) form in-
soluble lead carbonate or lead sulfate, or (2) be absorbed by ferric hydroxide (Lovering,
1976). An outstanding characteristic of lead is its tendency to form compounds of low solu-
bi'Hty with the major anions of natural water. Hydroxide, carbonate, sulfide, and more rarely
sulfate may act as solubility controls in precipitating lead from water. The amount of lead
that can remain in solution is a function of the pH of the water and the dissolved salt con-
tent. Equilibrium calculations show that at pH > 5.4, the total solubility of lead is about
30 jjg/1 in hard water and about 500 ug/1 in soft water (Davies and Everhart, 1973). Lead sul-
fate is present in soft water and limits the lead concentration in solution. Above pH 5.4,
PbC03 and Pb2(OH)2C03 limit the concentration. The carbonate concentration is in turn depend-
ent on the partial pressure of C02 as well as the pH. Calculations by Hem and Durum (1973)
show that many river waters in the United States have lead concentrations near the solubility
limits imposed by their pH levels and contents of dissolved C02. Because of the influence of
temperature on the solubility of C02, observed lead concentrations may vary significantly from
theoretically calculated ones.
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Concentrations as high as 330 ug/1 could be stable in water with pH near 6.5 and an alka-
linity of about 25 mg bicarbonate ion/1 of water. Water having these properties is common in
runoff areas of New York State and New England; hence, the potential for high lead concentra-
tions exists there. In other areas, the average pH and alkalinity are so high that maximum
concentrations of lead of about 1 pg/1 could be retained in solutions at equilibrium
(Levering, 1976).

A significant fraction of the lead carried by river water may be in an undissolved state.
This insoluble lead can consist of colloidal particles or larger undissolved particles of lead
carbonate, -oxide, -hydroxide, or other lead compounds incorporated in other components of
particulate lead from runoff; it may occur either as sorbed ions or surface coatings on sedi-
ment mineral particles or be carried as a part of suspended living or nonliving organic matter
(Levering, 1976). A laboratory study by Hem (1976) of sorption of lead by cation exchange in-
dicated that a major part of the lead in stream water may be adsorbed on suspended sediment.
Figure 6-10 illustrates the distribution of lead outputs between filtrate and solids in water
from both urban and rural streams, as reported by Getz et al. (1977). The majority of lead
output is associated with suspended solids in both urban and rural streams, with very little
dissolved in the filtrate. The ratio of lead in suspended solids to lead in filtrate varies
from 4:1 in rural streams to 27:1 in urban streams.

Soluble lead is operationally defined as that fraction which is separated from the in-
soluble fraction by filtration. However, most filtration techniques do not remove all colloi-
dal particles. Upon acidification of the filtered sample, which is usually done to preserve
it before analysis, the colloidal material that passed through the filter is dissolved and is
reported as dissolved lead. Because the lead in rainfall can be mainly particulate, it is
necessary to obtain more information on the amounts of insoluble lead (Lovering, 1976) before
a valid estimate can be obtained of the effectiveness of runoff in transporting lead away from
areas where it has been deposited by wet and dry deposition.
6.5.2.2 Organic. The bulk of organic compounds in surface waters originates from natural
sources (Neubecker and Alien, 1983). The humic and fulvic acids that are primary complexing
agents in soils are also found in surface waters at concentrations from 1-5 mg/1, occasionally
exceeding 10 mg/1 (Steelink, 1977), and have approximately the same chemical characteristics
(Reuter and Perdue, 1977). The most common anthropogenic organic compounds are nitrilotri-
acetonitrile (NTA) and ethylenediaminetetraacetic acid (EDTA) (Neubecker and Alien, 1983).
There are many other organic compounds such as oils, plasticizers, and polymers discharged
from manufacturing processes that may complex with lead.
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The presence of fulvic acid in water has been shown to increase the rate of solution of
lead sulfide 10 to 60 times over that of a water solution at the same pH that did not contain
fulvic acid (Bondarenko, 1968; Lovering, 1976). At pH values near 7, soluble Pb-FA complexes
are present in solution. At initial pH values between 7.4 and about 9, the Pb-FA complexes
are partially decomposed, and lead hydroxide and carbonate are precipitated. At initial pH
values of about 10, the Pb-FA complexes again increase. This increase is attributed to dis-
sociation of phenolic groups at high pH values, which increases the complexing capacity of the
FA. But it also may be due to the formation of soluble lead-hydroxyl complexes.

Beijer and Jernelov (1984) review the evidence for the microbial methylation of lead in
aquatic systems. The transformation of inorganic lead, especially in sediment, to tetra-
methyllead (TML) has been observed and biomethylation has been postulated (Schmidt and Huber,
1976; Wong et al., 1975). Reisinger et al. (1981) have reported extensive studies of the
methylation of lead in the presence of numerous bacterial species known to alkylate mercury
and other heavy metals. In these experiments no biological methylation of lead was found
under any condition. Chemical alkylation from methylcobalamine was found to occur in the
presence of sulfide or of aluminum ion; chemical methylation was independent of the presence
of bacteria.

Jarvie et al. (1975, 1981) have recently shown that tetraalkyllead compounds are unstable
in water. Small amounts of Ca2 and Fe2 ions and sunlight have been shown to cause decompo-
sition of TEL over time periods of 5-50 days. The only product detected was triethyllead,
which appears to be considerably more stable than the TEL. Tetramethyllead is decomposed much
more rapidly than TEL in water, to form the trimethyl lead ion. Initial concentrations of

_4
10 molar were reduced by one order of magnitude either in the dark or light in one day.
Tetramethyllead was virtually undetectable after 21 days. Apparently, chemical methylation of
lead to the trialkyllead cation does occur in some water systems, but evolution of TML appears
insignificant.

Lead occurs in riverine and estuarial waters and alluvial deposits. Laxen and Harrison
(1977) and Harrison and Laxen (1981) found large concentrations of lead (~1 mg/1) in rainwater
runoff from a roadway; but only 5-10 percent of this is soluble in water. Concentrations of
lead in ground water appear to decrease logarithmically with distance from a roadway. Rain-
water runoff has been found to be an important transport mechanism in the removal of lead from
a roadway surface in a number of studies (Bryan, 1974; Harrison and Laxon, 1981; Hedley and
Lockley, 1975; Laxen and Harrison, 1977). Apparently, only a light rainfall, 2-3 mm, is suf-
ficient to remove 90 percent of the lead from the road surface to surrounding soil and to
waterways (Laxen and Harrison, 1977).
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The Applied Geochemistry Research Group (1978) has reported elevated lead concentrations
(40 ug/g and above) in about 30 percent of stream bed sediment samples from England and Wales
in a study of 50,000 such samples. Abdullah and Royle (1973) have reported lead levels in
coastal areas of the Irish sea of 400 ug/g and higher.

Evidence for the sedimentation of lead in freshwater streams may be found in several re-
ports Laxen and Harrison (1983) found that lead in the effluent of a lead-acid battery plant
near Manchester, England, changed drastically in particle size. In the plant effluent, 53
percent of the lead was on particles smaller than 0.015 urn and 43 percent on particles greater
than 1 jjm. Just downstream of the plant, 91 percent of the lead was on particles greater than
1 pm and only 1 percent on particles smaller than 0.015 urn. Under these conditions, lead
formed or attached to large particles at a rate exceeding that of Cd, Cu, Fe or Mn.

The lead concentrations in off-shore sediments often show a marked increase corresponding
to anthropogenic activity in the region (Section 5.1). Rippey et al. (1982) found such in-
creases recorded in the sediments of Lough Neagh, Northern Ireland, beginning during the
1600's and increasing during the late 1800's. Corresponding increases were also observed for
Cr, Cu, Zn, Hg, P, and Ni. For lead, the authors found an average anthropogenic flux of 72
mg/in2-yr> of which 27 mg/m2-yr could be attributed to direct atmospheric deposition. Prior to
1650; the total flux was 12 mg/m2-yr, so there has been a 6-fold increase since that time.

Ng and Patterson (1982) found prehistoric fluxes of 1-7 mg Pb/m2-yr in three offshore
basins in southern California, which have now increased 3 to 9-fold to 11-21 mg/m2-yr. Much
of this lead is deposited directly from sewage outfalls, although at least 25 percent probably
:omes from the atmosphere.

5.5.3 Vegetation Surfaces
The deposition of lead on the leaf surfaces of plants where the particles are often re-

tained for a long time must also be considered (Dedolph et al., 1970; Page et al., 1971;
Schuck and Locke, 1970). Many studies have shown that plants near roadways exhibit consid-
erably higher levels of lead than those further away. In most instances, the higher concen-
trations were due to lead particle deposition on plant surfaces (Schuck and Locke, 1970).
Studies have shown that particles deposited on plant surfaces are difficult to remove by
typical kitchen washing techniques. (Arvik and Zimdahl, 1974; Page et al., 1971; Lagerwerff
et al., 1973). Leaves with pubescent surfaces seem able to retain particles via an electro-
static mechanism. Other types of leaves are covered with a cuticular wax physically suitable
for retaining particles. Rainfall does not remove all of the particles on the leaf surface.
It appears that there is a buildup with time of surface deposition on leafy vegetation.
Animals consuming the leafy portions of such plants can certainly be exposed to higher than
normal levels of lead.
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The uptake of soluble lead by aquatic plants can be an important mechanism for depleting
lead concentrations in downstream waterways. Gale and Wixson (1979) have studied the influ-
ence of algae, cattails, and other aquatic plants on lead and zinc levels in wastewater in the
New Lead Belt of Missouri. These authors report that mineral particles become trapped by
roots, stems, and filaments of aquatic plants. Numerous anionic sites on and within cell
walls participate in cation exchange, replacing metals such as lead with Na+, K+, and H+ ions.
Mineralization of lead in these Missouri waters may also be promoted by water alkalinity.
However, construction of stream meanders and settling ponds have greatly reduced downstream
water concentrations of lead, mainly because of absorption in aquatic plants (Gale and Wixson,
1979).

6.6 SUMMARY
From the source of emission to the site of deposition, lead particles are dispersed by

the flow of the airstream, transformed by physical and chemical processes, and removed from
the atmosphere by wet or dry deposition. Under the simplest of conditions (smooth, flat ter-
rain), the dispersion of lead particles has been modeled and can be predicted (Benarie, 1980).
Dispersion modeling in complex terrains is still under development and these models have not
been evaluated (Kotake and Sano, 1981).

Air lead concentrations decrease logarithmically away from roadways (Edwards, 1976) and
smelters (Roberts et al., 1974). Within urban regions, air concentrations decrease from the
central business district to the outlying residential areas by a factor of 2-3. From urban to
rural areas, air concentrations decrease from 1-2 ug/m3 down to 0.1-0.5 ug/m3 (Chapter 7).
This decrease is caused by dilution with clean air and1 removal by deposition. During
dispersion to remote areas, concentrations decrease to 0.01 \ig/m2 in the United States (Elias
and Davidson, 1980), to 0.001 M9/m3 in the Atlantic Ocean (Duce et al., 1975), and to 0.000076
ug/m3 in Antarctica (Maenhaut et al., 1979).

Physical transformations of lead particles cause a shift in the particle size distribu-
tion. The bimodal distribution of large and small particles normally found near the roadway
changes with time and distance to a single mode of intermediate sized particles (Huntzicker et
al. , 1975). This is probably because large particles deposit near roadways and small parti-
cles agglomerate to medium sized particles with an MMAD of about 0.2-0.3 urn.

Particles transform chemically from lead halides to lead sulfates and oxides. Organolead
compounds constitute 1-6 percent of the total airborne lead in ambient urban air (Harrison
et al., 1979).
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On a regional or global basis, wet deposition accounts for about half of the removal of
lead particles from the atmosphere. The other half of the atmospheric lead is removed by dry
deposition. Mechanisms may be gravitational for large particles or a combination of gravita-
tional and wind-related mechanisms for small particles (Elias and Davidson, 1980). Models of
dry deposition predict deposition velocities as a function of particle size, windspeed, and
surface roughness. Because of their large surface area/ground area ratio, grasslands, crop-
lands, and forested areas receive the bulk of dry deposited particles over continental areas.

Lead enters soil as a moderately insoluble lead sulfate and is immobilized by complexa-
tion with humic and fulvic acids. This immobilization is a function of pH and the concentra-
tion of humic substances. At low pH (~4) and low organic content (<5 percent), immobilization
of lead in soil may be limited to a few hundred ug/g (Zimdahl and Skogerboe, 1977), but at 20
percent organic content and pH 6, 10,000 ug Pb/g soil may be found.

In natural waters, lead may precipitate as lead sulfate or carbonate, or it may form a
complex with ferric hydroxide (Lovering, 1976). The solubility of lead in water is a function
of pH and hardness (a combination of Ca and Mg content). Below pH 5.4, concentrations of dis-
solved lead may vary from 30 ug/1 in hard water to 500 ug/1 in soft water at saturation
(Lovering, 1976).
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7. ENVIRONMENTAL CONCENTRATIONS AND POTENTIAL PATHWAYS TO HUMAN EXPOSURE

7.1 INTRODUCTION
In general, typical levels of human lead exposure may be attributed to four components of

the human environment: food, inhaled air, dusts of various types, and drinking water. This
chapter presents information on the ranges and temporal trends of concentrations in ambient
air, soil, and natural waters, and discusses the pathways from each source to food, inhaled
air, dust, and drinking water. The ultimate goal is to quantify the contribution of anthropo-
genic lead to each source and the contribution of each source to the total lead consumed by
humans. These sources and pathways of human lead exposure are diagrammed in Figure 7-1.

Chapters 5 and 6 discuss the emission, transport, and deposition of lead in ambient air.
Some information is also presented in Chapter 6 on the accumulation of lead in soil and on
plant surfaces. Because this accumulation is at the beginning of the human food chain, it is
critical to understand the relationship between this lead and lead in the human diet. It is
also important where possible to project temporal trends.

In this chapter, a baseline level of potential human exposure is determined equivalent to
that for a normal adult eating a typical diet and living in a non-urban community. This base-
line exposure is deemed to be unavoidable by any reasonable means. Beyond this level, addi-
tive exposure factors can be determined for other environments (e.g., urban, occupational,
smeHer communities), for certain habits and activities (e.g., pica, smoking, drinking, and
hobbies) and for variations due to age, sex, or socioeconomic status.

1 L ENVIRONMENTAL CONCENTRATIONS
Quantifying human exposure to lead requires an understanding of ambient lead levels in

environmental media. Of particular importance are lead concentrations in ambient air, soil,
and surface or ground water. The following sections discuss environmental lead concentrations
'0 each of these media in the context of anthropogenic vs. natural origin, and the contribu-
tion of each to potential human exposure.

7.2.1 Ambient Air
Ambient airborne lead concentrations may influence human exposure through direct inhala-

tion of lead-containing particles and through ingestion of lead that has been deposited from
the air onto surfaces. Although a plethora of data on airborne lead is now available, our
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understanding of the pathways to human exposure is far from complete because most ambient mea-
surements were not taken in conjunction with studies of the concentrations of lead in man or
in components of his food chain. However, that is the context in which these studies must now
be interpreted to -shed the most light possible on the concentrations likely to be encountered
in various environmental settings.

The most complete set of data on ambient air concentrations may be extracted from the
National Filter Analysis Network (NFAN) and its predecessors (see Section 4.2.1). These data,
which ire primarily for urban regions, have been supplemented with published data from rural
and remote regions of the United States. Because some stations in the network have been in
place for about 15 years, information on temporal trends is available but sporadic. Ambient
air concentrations in the United States are comparable to other industrialized nations. In
remote regions of the world, air concentrations are two or three orders of magnitude lower,
lending credence to estimates of the concentration of natural lead in the atmosphere. In the
context of the NFAN data base, the conditions are considered that modify ambient air, as mea-
sured Dy the monitoring networks, to air as inhaled by humans. Specifically, these conditions
are changes in particle size distributions, changes with vertical distance above ground, and
differences between indoor and outdoor concentrations.
7.2.1.1 Total Airborne Lead Concentrations. A thorough understanding of human exposure to
airborne lead requires detailed knowledge of spatial and temporal variations in ambient con-
centrations. The wide range of concentrations is apparent from Table 7-1, which summarizes
data ibtained from numerous independent measurements, and Tables 7-2 and 7-3, which show air
concentrations in specific locations throughout the United States. Concentrations vary from
0.000076 (ig/m3 in remote areas to over 13 ug/m3 near sources such as smelters. Many of the
remotv -areas arc far from human habitation and therefore do not reflect human exposure. How-
aver, i few of the regions characterized by low lead concentrations are populated by indivi-
dual vich primitive lifestyles; these data provide baseline airborne lead data to which
modor > American lead exposures can be compared. Examples include some of the data from South

.̂ '.a and the data from Nepal. A more extensive review of atmospheric lead in remote areas
:)ef>n compiled by Wiersma and Davidson (1984).
Urban, rural, and remote airborne lead concentrations in Table 7-1 suggest that human ex-

T2 to lead has increased as the use of lead in inhabited areas has increased. This is
-istt»nt with published results of retrospective human exposure studies. For example,

cr'.?un et al. (1979) have analyzed the teeth and bones of Peruvians buried 1600 years ago.
Ba,*rj on their data, they estimate that the skeletons of present-day American and British
adu!<-<; contain roughly 500 times the amount of lead that would occur naturally in the absence
..if widespread anthropogenic lead emissions. Grandjean et al. (1979) and Shapiro et al. (1980)
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TABLE 7-1. ATMOSPHERIC LEAD IN URBAN, RURAL, AND REMOTE AREAS OF THE WORLD

Location

Urban
New York
Boston
St. Louis
Houston
Chicago
Los Angeles
Ottowa
Toronto
Montreal
Brussels
Turin
Riyadh, Saudi Arabia

Rural
New York Bight
United Kingdom
Italy
Belgium
11 1 inois

Remote
White Mtn. , CA
High Sierra, CA
Olympic Nat. Park, WA
Great Smoky Mtns. Nat.

Park, TN
Glacier Nat. Park, MT
South Pole
Thule, Greenland
Thule, Greenland
Prins Christian-

sund, Greenland
Dye 3, Greenland
Eniwetok, Pacific Ocean
Kumjung, Nepal
Bermuda
Abastumani Mtns. USSR

Sampling period

1978-79
1978-79
1973
1978-79
1979
1978-79
1975
1975
1975
1978
1974-79
1983

1974
1972
1976-80
1978
1973-74

1969-70
1976-77
1980

1979
1981
1974
1965
1978-79

1978-79
1979
1979
1979
1973-75
1979

Lead cone. ,
(ug/m3)

1.1
0.8
1.1
0.9
0.8
1.4
1.3
1.3
2.0
0.5
4.5
5.5

0.13
0.13
0.33
0.37
0.23

0.008
0.021
0.0022

0.015
0.0046
0.000076
0.0005
0.008

0.018
0.00015
0.00017
0.00086
0.0041
0.019

Reference

NEDS, 1982
NEDS, 1982
NEDS, 1982
NEDS, 1982
NEDS, 1982
NEDS, 1982
NAPS, 1971-1976
NAPS, 1971-1976
NAPS, 1971-1976
Roels et al. , 1980
Facchetti and Geiss, 1982
El-Shobokshy, 1984

Duce et al. , 1975
Cawse, 1974
Facchetti and Geiss, 1982
Roels et al. , 1980
Hudson et al. , 1975

Chow et al. , 1972
Elias and Davidson, 1980
Davidson et al. , 1982

Davidson et al. , 1985
Davidson et al. , 1985
Maenhaut et al . , 1979
Murozumi et al., 1969
He i dam, 1983

He i dam, 1983
Davidson et al . , 1981c
Settle and Patterson, 1982
Davidson et al. , 1981b
Duce et al. , 1976
Dzubay et al. , 1984
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report lead levels in teeth and bones of contemporary populations to be elevated 100-fold over
levels in ancient Nubians buried before 750 A.D. On the other hand, Barry and Connolly (1981)
report excessive lead concentrations in buried medieval English skeletons; one cannot discount
the possibility that the lead was absorbed into the skeletons from the surrounding soil.

The remote area concentrations reported in Table 7-1 do not necessarily reflect natural,
preindustrial lead. Murozumi et al. (1969) measured a 200-fold increase over the past 3000
years in the lead content of Greenland snow, confirmed by Ng and Patterson (1981). In the
opinion of these authors, this lead originates in populated mid-latitude regions, and is
transported over thousands of kilometers through the atmosphere to. the Arctic. All of the
concentrations in Table 7-1, including values for remote areas, have been influenced by
anthropogenic lead emissions.

Studies referenced in Table 7-1 are limited in that the procedures for determining the
quality of the data are generally not reported. In contrast, the two principal airborne lead
data bases described in Section 4.2.1 include measurements subjected to documented quality as-
surance procedures. The U.S. Environmental Protection Agency's National Filter Analysis Net-
work (NFAN) provides comprehensive nationwide data on long-term trends. The second data base,
EPA's National Aerometric Data Bank, contains information contributed by state and local
agencies, which monitor compliance with the current ambient airborne standard for lead (1.5
pg/m3 averaged over a calendar quarter) promulgated in 1978.
7.2.1.1.1 Distribution of air lead in the United States. Figure 7-2 categorizes the urban
sites with valid annual averages (4 valid quarters) into several annual average concentration
ranges (Akland, 1976; Shearer et al. 1972; U.S. Environmental Protection Agency, 1978, 1979;
Quarterly averages of lead from NFAN, 1982). Nearly all of the sites reported annual averages
below 1.0 ug/m3 Although the decreasing number of monitoring stations in service in recent
years cotPd account for some of the shift in averages toward lower concentrations, trends at
individual urban stations, discussed below, confirm the apparent national trend of decreasing
lead concentration.

The data from these networks show both the maximum quarterly average to reflect compli-
ance of the station to the ambient airborne standard (1.5 ug/m3), and quarterly averages to
show trends at a particular location. Valid quarterly averages must include at least five
24-hour sampling periods evenly spaced throughout the quarter. The number of stations comply-
ing with the standard has increased, the quarterly averages have decreased, and the maximum
24-hour values appear to be smaller since 1977.

Long-term trends and seasonal variations in airborne lead levels at urban sites can be
seen in Figure 7-3. The 10th, 50th, and 90th percentile concentrations are graphed, using
quarterly composite and quarterly average data from an original group of 92 urban stations
(1965-1974) updated with data for 1975 through 1980. Note that maximum lead concentrations

7-5



100

(A
Z

CO

u.
O

- - - — 0.5-0.9
• —•—• 1.0-1.9

2.0-3.9

10 —

1966 67 68
(95) (146)

69 70 71 72
(159) (180)

YEAR

Figure 7-2. Percent of urban stations reporting indicated concentration interval.

7-6



typically occur in the winter, while minima occur in the summer. In contrast, automotive
emissions of lead would be expected to be greater in the summer for two reasons: (1) gasoline
usage is higher in the summer; and (2) lead content is raised in summer gasolines to replace
some of the more volatile high-octane components that cannot be used in summertime gasolines.
Apparently, the troposphere has a greater capacity to disperse submicron particles in the
summer than in the winter.

Figure 7-3 also clearly portrays the significant decrease in airborne lead levels over
the past decade. This trend is attributed to the decreasing lead content of regular and pre-
mium gasoline, and to the increasing usage of unleaded gasoline. The close parallel between
these two parameters is discussed in detail in Chapter 5. (See Figure 5-7 and Table 5-5.)

Table 7-2 shows lead concentrations in the atmospheres of several major metropolitan
areas of epidemiological interest. Some of the data presented do not meet the stringent re-
quirements for quarterly averages and occasionally there have been changes in site location or
sampling methodology. Nevertheless, the data are the best available for reporting the history
of lead contamination in these specific urban atmospheres. Further discussions of these data
appear in Chapter 11.
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Figure 7-3. Seasonal panems and trends in quarterly average urban lead concentrations.
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7.2.1.1.2 Global distributions of air lead. Other industrialized nations have maintained
networks for monitoring atmospheric lead. For example, Kretzschmar et al. (1980) reported
trends from 1972 to 1977 in a 15-station network in Belgium. Annual averages ranged from 0.16
ug/m3 at rural sites to 1.2 ug/m3 near the center of Antwerp. All urban areas showed a maxi-
mum near the center of the city, with lead concentrations decreasing outward. The rural back-
ground levels appeared to range from 0.1 to 0.3 ug/m3. Representative data from other nations
appear in Table 7-1.
7.2.1.1.3 Natural concentrations of lead in air. There are no direct measurements of prehis-
toric natural concentrations of lead in air. Air lead concentrations that existed in prehis-
toric times must be inferred from available data. Table 7-1 lists several values for remote
areas of the world, the lowest of which is 0.000076 ug/m3 at the South Pole (Maenhaut et al.,
1979). Two other reports show comparable values: 0.00017 ug/m3 at Eniwetok in the Pacific
Ocean (Settle and Patterson, 1982) and 0.00015 at Dye 3 in Greenland (Oavidson et al., 1981a).
Since each of these studies reported some anthropogenic influence, it may be assumed that
natural lead concentrations are somewhat lower than these measured values.

Another approach to determining natural concentrations is to estimate global emissions
from natural sources. Nriagu (1979) estimated emissions at 24.5 x 106 kg/yr, whereas Settle
and Patterson (1980) estimated a lower value of 2 x 106 kg/yr. An average tropospheric
volume, to which surface-generated particles are generally confined, is about 2.55 x 1010m3.
Assuming a residence time of 10 days (see Section 6.3), natural lead emissions during this
time would be 6.7 x 1014 ug. The air lead concentrations would be 0.000263 ug/m3 using the
values of Nriagu (1979) or 0.0000214 ug/m3 using the data of Settle and Patterson (1980). It
seems likely that the concentration of natural lead in the atmosphere is between 0.00002 and
0.00007 ug/m3. A value of 0.00005 \ig/wP will be used for calculations regarding the contri-
bution of natural air lead to total human uptake in Section 7.3.1.
7.2.1.2 Compliance with the 1978 Air Quality Standard. Figure 7-4 shows percentile distri-
butions for the maximum average quarterly lead concentrations by year for a select group of 36
sites for which the data are available during the entire time period, 1975-1984. These data
show that not only did the composite average maximum average quarterly values decrease during
the period 1975-1984, but the maximum average quarterly lead concentrations for all percen-
tiles showed a comparable pattern of decrease. From Figure 7-4, it may be concluded that most
stations reported average quarterly lead concentrations below the NAAQS standard of 1.5
pg/m3. Those that did not are shown on Table 7-3. Table 7-3 lists stations operated by
state and local agencies where one or more quarterly averages exceeded 1.0 ug/m3 or the cur-
rent standard of 1.5 ug/m3 from 1979 to 1984. A portion of each agency's compliance monitor-
ing network consists of monitors sited in areas expected to yield high concentrations associ-
ated with identifiable sources. In the case of lead, these locations are most likely to be
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TABLE 7-2. AIR LEAD CONCENTRATIONS IN MAJOR METROPOLITAN AREAS
ug/m3 quarterly averages

Boston
MA

Year

1970

1971

1972

1973

1974

1975

Quarter

1
2
3
4

1
2
3
4

1
2
3
4

1
2
3
4

1
2
3
4

1
2
3
4

1

0.8

1.2
1.2

0.7

1.0
0.6
2.5

0.6

0.9
1.0

1.2
0.61
l.O1
0.9»

New York
NY

1

1.2
1.5
1.9
1.4

1.6
1.8

1.7

0.9
1.3
1.0
1.1

0.8
1.3
0.9

0.5
1.1
0.9
0.9

0.8
0.8
1.0
1.1

Phi la. Wash.
PA DC

1 4

0
0

1

1
1
1
2

1
1

1

0

1

1

.9

.9

.2

.1

.3

.3

.1

.7

.2

.1

.5

.1

Detroit Chicago Houston
MI IL TX

1

1.2
1.4
1.4
1.3

1.0
1.8
1.6
2.2

0.9
0.9

0.8
0.7
1.2
1.2

Station Type
1 2 3

1
2
1
2

1
1
1
2

2
1
0
2

2
1
1
1

1
2
1
2

2
1
2
2

1 4

.8

.0

.9

.5

.9

.6

.7

.7

.3

.0

.9

.3

.9

.8

.7

.7

.8

.0 0.61

.8 0.6

.6 0.5

.I1 0.7

.7 0.7

.1 0.6

.4 1.1

Dallas/Ft. Worth
TX

1 2 4

3.8
2.3
2.8
3.7

3.4
1.8
2.5
2.7

3.4
1.8
2.2
2.8

1.9
1.3

1.9

1.3
1.4 0.21
2.8 0.4
3.3 0.6

2.9 0.3
2.3 0.3
3.0 0.4
2.9 0.5 0.3

Los Angeles
CA

1

5.7
3.5
5.1
3.9

6.0
2.9
3.3
6.3

3.1
2.0
2.6
4.7

2.7
2.0
2.7

1.9
2.0
1.4
3.2

1.2
1.9
3.2

2

3.2
2.2
3.3
1.9

1.6
1.5
2.1

1.6
2.5

1.6
1.7
1.9
2.6

1.7
1.2
1.7
2.2



TABLE 7-2. (continued)

Boston
MA

Year Quarter

1976 1
2
3
4

1977 1
2
3
4

7" 1978 1
£ 2

3
4

1979 1
2
3
4

1980 1
2
3
4

1981 1
2
3
4

1

0.61
0.7

0.8
l.O1
0.9
1.3

1.0
0.4
0.6
0.81

0.91

0.5
0.6

0.4
0.3

New York Phil a
NY PA

1 1

1.3
1.6
1.4
1.3

1.2
1.1
1.4

1.3 1.6

l.O1 1.1
0.9 1.2

1.0
1.2

0.7
0.4
0.7
0.7

0.5
0.4
0.4
0.4

4

1.0
0.8
0.9
1.0

0.8
0.7
0.7
1.2

0.7
0.6
0.6
0.8

0.4
0.4
0.4
0.5

0.41
0.3
0.2
0.3

Wash.
DC

1

1.21
1.4
0.41

1.2

0.91
2.1

2.2
1.1
1.1
3.3

1.8
1.3
1.6
1.9

Detroit Chicago Houston
MI IL TX

1

1.1
0.9
1.0

0.3
0.3
0.3
0.41

0.3
0.3
0.3
0.31

Station Type
1 2 3 1 4

0.81 0.5
0.71 0.5
1.1 0.7

0.31 0.2
0.8 0.3
1.3 0.7

1.0 0.5
0.8 0.4
0.8 0.5
1.7 0.9

0.9 0.4
0.7 0.9 0.8 0.8 0.4
0.5 0.6 0.8 0.51 0.61

0.71 0.5

0.4 0.3 0.3 0.61 0.3
0.7 0.4 0.6 0.31 0.31
1.0 0.5 0.5 0.2
0.5 0.4 0.4 0.4

0.2 0.3 0.2 0.7 0.5
0.4 0.3 0.3 0.2 0.2
0.3 0.3 0.2 0.5 0.3
0.4 0.21 0.3 0.8 l.O1

Dallas/Ft. Worth
TX

1

0.71
0.7
l.l1

2.3
1.2
1.1
1.6»

1.71
1.1
1.3
1.7

1.21
0.61
l.l1
0.51

0.31
0.61
0.3
0.4

0.6
0.3

2

0.3
0.3
0.3

0.2
0.2
0.5

0.4
0.4
0.4
O.b

0.4
0.2
0.4
0.3

0.3
0.1
0.1
0.3

0.3
0.1
0.2
0.3

4

0.2
0.4
0.3

0.2
0.2
0.5

0.3
0.3
0.3
0.6

0.4
0.3
0.5
0.4

0.2
0.2
0.1
0.3

0.3
0.2
0.3
0.4

Los Angeles
CA

1

4.1

3.3
1.7
1.8
3.8

2.21

1.6
1.9

1.5
0.9
l.O1
0.61

0.7

l.l1

1.3
0.7
0.8
1.3

2

3.0

2.4
1.4
1.6
2.9

1.6

1.1
0.8
1.0
1.7

1.0
0.7
0.8
1.1



TABLE 7-2. (continued)

ro

Boston
MA

New York Phi la.
NY PA

Wash.
DC

Detroit Chicago
MI IL

Station
Year

1982

1983

1984

Station

Quarter

1
2
3
4

1
2
3
4

1
2
3
4

type : 1 .
2.
3.
4.

1

1.0

0.5
0.4
0.6
0.5

0.4
0.4
0.5
0.5

center
center
center

1 1

0.5
0.5
0.6

0.3
0.3
0.3
0.5

0.3
0.4
0.3
0.4

city commercial
city residential
city industrial

4

0.3
0.3
0.3
0.4

0.3
0.2
0.2
0.3

0.3
0.2
0.2
0.3

j

1

0.5
0.3
0.3
0.51

0.2
0.2
0.2
0.3

0.2
0.2

1 1

0.4
0.2
0.3
0.4

0.4
0.3
0.4
0.4

0.1 0.3
0.1 0.2
0.1 0.2
0.3 0.3

2

0.3
0.4
0.3
0.3

0.3
0.3
0.2
0.2

0.2
0.3
0.2
0.3

Type
3

0.3
0.3
0.2
0.3

0.4
0.3
0.3
0.2

0.3
0.3
0.3
0.3

Houston
TX

1 4

0.2
0.3

0.4 0.3
0.2

0.2
0.3

0.4
0.3 0.1
0.3 0.2
0.3 0.1

Dallas/Ft. Worth
TX

1

0.5
0.6

1.0

0.6
0.5

0.6
0.1
0.4
0.4

2

0.2
0.3

0.6
0.2

0.5
0.6
0.3
0.4

4

0.2
0.2

0.3
0.2

0.2
0.5
0.1
0.2

Los Angeles
CA

1

0.8
0.5
0.8
1.1

1.0
0.4
0.6
0.8

0.7
0.1

2

0.7

0.6

0.6
0.3
0.4

0.7
0.3

0.4

suburban residential

less than required number of 24-hour sampling periods to meet composite criteria.



TABLE 7-3. STATIONS WITH AIR LEAD CONCENTRATIONS GREATER THAN 1.0 u9/«

Biraringhan, AL
Leeds, AL

II II

Troy. AL
Fairbanks, AK
Fairbanks, AK
Glendale, AZ
Phoenix, AZ

H II

II H

II H

M H

Scottsdale, AZ
Tucson, AZ
Nogales, AZ
Los Angeles, CA
Anaheia. CA
Lennox, CA
Los Ange)es. CA
Los Angeles, CA
Lynwood, CA
Pico Rlvera, CA

>" Adans Co, CO
,_. Arapahoc Co, CO
co Arvada, CO

Brighton. CO
Colorado Springs,

CO
Denver, CO

Station »

(028)
(004)
(005)
(003)
(010)
(016)
(001)
(002 A)
(002G)
((MM)
(013)
(017)
(003)
(009)
(004)
(001)
(001)
(001)
(103A)
(1031)
(001)
(001)
(001)
(001)
(001)
(001)

(004)
(001)
(002)
(003)
(009)
(010)
(012)

1
No of
>i 0

2

1
1
2
2
2

2
1

1
1

2
1
1
1

1
2
4
3
1
2
2

J79
quarter:.

1.5

2

0
1

0

0
0

1
0

1
0
1
0

0
1
3
1
1
1
1

Max
airly

ave

2.78

1.06
l.M
2.59
1.48
1.55

1.41
1.18

1.51
1.11

1.77
1.10
1 60
1.17

1.37
1 70
3.47
2.13
1.57
1.67
1.67

1
No of

-l.ii

i

'I
2

I

1

1

2
1
2

1

980
quarters

>1 .5

I

0
0

0

0

0

1
0
0

0

Hax 1981 Max
qtrly No. of quarters qtrly

ave >1.0 '15 ave

1 89 4 3 3.34

129 1 0 1.17
1.49 2 0 1.39

1 0 1.04
1.06

1.13 1 0 1.08

1.10
2 0 1 43

1.53
1.03
1.23

1.10

1982
No. of quarters
>1.0 >1.5

1 0

4 4
1 0
1 0

1 0

2 1
1 1
1 0
1 0
1 0

Hi
qti

at

1

3
1
1

1

1
1
1
1
1

ix 1983 Max 1984
rly No. of quarters qtrly No. of quarters
it >1.0 >1.5 ave >1.0 >1 5

32 i 0 1.04
2 2 3 04 1 1
3 2 4.17 2 1

6 7 3 2 5.44 4 3
01
09

2 4 1 0 1.08 1 0

68 2 0 1.10
65
05
2 5 1 0 1.03 1 0
15 1 0 1.02

Hax
qtrly

ave

S 33
2.%
7.08

1.29

1.27



TABLE 7-3. (continued)

Station I

Englewood, CO
Garfleld, CO
Grand Junction, CO
Longwmt, CO
Pueblo, CO

U II

Routt Co, CO
New Haven. CT
Waterbury, CT
Wilaington, OE
Washington, DC

Oade Co. FL
Oade Co. FL
Miaai, FL
Perrine, FL
Hillsborough, FL
Jacksonville, FL
Taopa, FL

7"1 Taapa. FL
^ Boise, 10
*• Kellogg, 10

N H

Shoshone Co, 10

(001)
(001)
(010)
(001)
(001)
(003)
(003)
(123)
(123)
(002)
(005)
(007)
(008)
(Oil)
(015)
(017)
(020)
(024)
(016)
(002)
(082)
(084)
(043)
(060)
(003)
(004)
(006)
(015)
(016)
(017)
(020)
(021)
(027)

1979 Max 1980
to. of quarters qtrly No. of quarters
>1 0 >1.5 ave >1 0 >1.5

1
1
2
2
1
1
1
3
2
2
1
4
1
2
2
1
1

3
1
2

3

4
4
2
1
4
2
4
4

1
0
1
0
0
0
0

0
0
0

1
0
0
0
0

0
0
0

4
01

4

1.80
1.20
1.53
1.07
1.03
1.03
1.33
1.57
1.41
1.21
1.49
1.89
1.90 .
1.44
1.06
1.45
1.16

1.46
1.01
1.31

1.60

9.02
8.25
1.21
2.27
4.57
4.11
13.54
10.81

1

2

1

1

1
2
4

1
3
2
4
3

0

0

0

0

0

4

0

4

Max 1981 Max 1982 Max 1983 Max 1984 Max
qtrly No. of quarters qtrly No. of quarters qtrly Ho. of quarters qtrly No. of quarters qlrly
ave >1.0 >1.5 ave >1.0 >1.5 ave >1.0 >1.5 ave >1.0 >1.5 ave

1.27

-i n i iq
1 1 1.51 3 ° l'3*

1.10

1.09 ? u 1 15 2 0 1 26— 1 179 A- A J ' U l.tw

1.07
1 0 1.10

1.01
6.88
8.72 4 4 6.67

1.02
3.33 2 2 1.54
2.15 1 0 149
13.67 4 4 11.82 2 1 1.75
7.18



TABLt /-3. (continued)

Station 1

Chicago. 11
H It

M II

Cicero. IL
Elgin, IL
Granite City. IL

II H

M H

H M

Jeffersonville, IN
East Chicago. IN

M (1

H II

M II

HiMBond. IN
H H

H M

Indianapolis. IN
Council Bluffs. IA
Des Koines, IA
Buechel. KY

-^i Coving ton. KY
i " "

Jj", Greenup Co, KV
Jefferson Co, Ky
Louisville. KY

Newport. KY
Okolona, KY

(022)
(030)
(COS)
(036)
(037)
(001)
(004)
(007)
(009)
(010)
(Oil)
(001)
(001)
(003)
(004)
(006)
(004)
(006)
(Oil)
(030)
(017)
(051)
(001)
(001)
(008)
(003)
(029)
(004)
(009)
(019)
(020)
(021)
(028)
(002)
(001)

1979 Max I960
No. of quarter* qtrly Hu of quarters
>1.0 >1.5 avt -i 0 -l.i

1
1
1
1

1
4
4
4
3
2
2
1
2
2
1

1

1

2
1
1
1
1

1
1
I
1

0
0
0
0

0
0
4
0
0

0
1
0
0
0

0

0

0
0
0
0
0

0
0
0
1

1 05
1.02
1.14
1.00

1.04
1.15
3.17
1.33
1.38
2.19
1.42
1.67
1.34
1 18
1.46

1.16

1.30

1.12
1.16
1.42
1.0*
1.01

1.29
1.06
1.06
1.51

: U
1 0

1 1

3 2
1 0

1 0

1 t>

i 111
1
1
1

2 1

Nax 1981 Max 1982 Max 1983 Hax 1984 Max
qtrly No. of quarters qtrly No. of quarters qtrly No. of quarters qtrly No. of quarters qtrly
dve >t.O >1 5 ave >1 0 >1.5 ave >1.0 >1.5 ave >1.0 >1.5 ave

1 02
1 06

1.95

2.97 4 3 7.27 1 0 1.48
1.43 1 0 1.13

1.04

3 2 2 95

1 1 1.59 1 0 1.20

1.41

1.78
2.41
1 75
1.59
2.52
1.42

2.31



TABLE 7-3. (continued)

Station 1

Paducha, KY
II H

St. Hat thews, KY
Shively, KY
Baton Rouge, LA
Portland, HE
Anne Arundel Co, HOii «
Baltimore. HD

H H

II H

II N

« II

Cheverly, HD
Essex, HO
Hyattsville, HO
Springfield, HA
Springfield, HA
Boston, MA
Boston, HA
Eagan, MN
Minneapolis, HN

H M

Richfield, HN
St. Louis Park, HN
St. Paul. HN

II M

Iron Co. HO
II H

II M

II H

Jefferson Co, MO
M M

II H

(004)
(020)
(004)
(002)
(002)
(009)
(001)
(003)
(001)
(006)
(008)
(009)
(018)
(004)
(001)
(001)
(002)
(007)
(002)
(012)
(001)
(027)
(055)
(004)
(007)
(031)
(038
(016)
(020)
(021)
(022)
(005)
(009)
(Oil)

1979 Hax 1980 Max 1981 Hax 1982
No. of quarters qtrly No. of quarters qtrly No. of quarters qtrly No. of quarters
>1.0 >1 5 ave >1.0 >1.S ave >1.0 >1.5 ave >1.0 >1.5

1
1
1
1
1
2
1
2
2
1
1
1
2
4
2
2
1

1

1

4
2
1
1

0
0
0
1
1
0
0
0
0
0
0
0
0
1
0
0
1

0

1

0
0

1.41
1.22
1.20 1 1 1.83
1.56
1.57
1.02
1.27
1.45
1.06
1.09
1.24
1.08
1.12
1.51
1.15
1.18
1.68 1 0 1.04

1 0
2 0

1.01

2.44
3 2.41 3 1 1.52

1.95 2 0 1.18
2.87 4 3.04
1.04
1.36 3 1.82 2 2 3.11 1 1

Hax 1983 Hax 1984 Hax
qtrly No. of quarters qtrly No. of quarters qtrly
ave >1 0 >1.5 ave >1.0 >1.5 ave

1.26 1 0 1.00 1 0 1.29
1.06

1 0 1.01

7.97
1 1 2.39 3 2 221
2 1 1.73
3 2 2.85 0 1 26
2 1 1.54 0 1 10
4 3 4.33 0 1 ?B
1 0 1 . 26 0 111
4 3 6.70 1 241
2 1 2.56 1 1.60

(013)



TABLE 7-3. (continued)

Station 1

Lewis&Clark Co, HT
Lewis&Clark Co, NT

M M

H M

1* U

Lewis&Clark Co, HT
Lewis&Clark Co. HT

H 1*

Omaha, NE
Oaaha. NE
Las Vegas, NV
Clifton. NJ
Newark, NJ
New Brunswick. NJ
Perth Aaboy. NJ
Paterson. NJ
Elizabeth, NJ
Sale* Co. NJ
Albuquerque, MM
Dona Ana Co. MM
Orange Co, NY
Yonkers. NY
Cincinnati, OH
Portland, OR
Laurel dale, PA
Reading, PA
E.CoMMogh, PA
Throop. PA
Lancaster City, PA
New Castle. PA
Montgomery Co. PA
Potts town, PA
Phi la. , PA

M II

(002)
(007)
(008)
(714)
(716)
(719)
(722)
(724)
(Oil)
(034)
(001)
(002)
(001)
(003)
(001)
(001)
(002)
(003)
(022)
(015)
(001)
(001)
(001)
(082)
(717)
(712)
(804)
(019)
(315)
(015)
(103)
(101)
(026)
(028)

1979 Hax 1980 Hax 1981 Hax 1982
No. of quarters qtrly No. of quarters qtrly No. of quarters qtrly No. of quarters
>1.0 >1.5 ave >1.0 >1.5 ave >1.0 >1.5 ave -1-0 >1 b

4

1
1

1

1
1
1

1
1

4
1
3
3
1
1
1
1
3
4

0
0

0

0
0
0

0
0

0
0
0
0
0
0
0
0

4.19 4 2.75 2 2 3.19 i: 2

1 0 1.19

2 2
2 2

1 0
1.08
1.15

1 0
1.17

1.08
1.42
1.16

1 0
1 0
3 G
1 0

i.oa
1.15

4 2
330 2 1.86 4 3 2.18 3 0
1.11
1.28
1.13
1 18
1.01
1 23
1.16
1.21
2.71 3 0 1.26 1 0 1.30 3 1

Max 1983 Hax 1984 Max
qtrly No. of quarters qtrly No. of quarters qtrly
ave >1.0 >1.5 ave >1.0 >1.5 ave

2.25 4 4 3.12 4 4 3.B/
2 2 5.26 4 4 6. S3
2 0 1.31 3 0 1.48
1 1 1.99
4 4 3 39

2.69 2 2 1.84 4 3 4.63
2.34 3 2 2.96 3 4 3.23

1 0 1.23
1.21

1.17

1 1 1.73

1.24 2 1 1.81
1.01
1.34
1.03

1.63 4 0 1.37 3 1 1.58
1.49 4 0 1.25 1 0 1.40

1.57 3 2 3.66 4 4 5.13



TABLE 7-3. (continued)

Station 1
H M

M II

Guaynabo Co, PR
Ponce, PR
San Juan Co. , PR
E. Providence, RI
Providence, RI

M II

Greenville, SC
Meaphis, TN
Nashvllle/Oavid&on,

IN
San Antonio, TX
Dallas, TX
"
M

U

M

"

(031)
(038)
(001)
(002)
(003)
(008)
(007)
(015)
(001)
(035)

(006)
(034)
(018)
(029)
(035)
(046)
(049)
(050)
(fit 71

1979 Max 1980 Max 1981 Max 1982 Max 1983 Max 1984 Max
No. of quarters qtrly No. of quarters qtrly No. of quarters qtrly No. of quarters qtrly No. of quarters qtrly No. of quarters qlrly
>1.0 >1.5 ave >1.0 >1.5 ave >1.0 >1.5 ave >1.0 >1.5 ave >1.0 >1.5 ave >1.0 >1.5 ave

2
1
2
1
4
2
4
1
2

1
1
1
1
1
1
1
2

0
0

0

0

0
0

0
0
1
0
0
0
0
0

1.29
1.06
1.60 1 0 1.06 1 0 1.02
1.08
3.59 1 1 1.69 4 0 1.27 4 0 1.3
1.10
1.92 2 0 1.16 2 0 1.11
1.34
1.38

1 0 1.30 1 0 1.17 3 1 61

1.05
1.23
1.59
1.07
1.12
1.22
1.01
1.13 i n i tt

El Paso, TX

I
I—'
do

(060)
(002A)
(002F)
(002G)
(018)
(021)
(022)
(023)
(027)
(028)
(030)
(031)
(033)
(037)

1.90
1.90
60
91
02
84
12

2. IS

1.02
2.47
1.97

2.12

1.74
1.16

1.79

1.75

1.37

1.54

1 i>2

0 1 39

1 1.54

0 1.02



I ABLE 7-3. (continued)

19/9

Houston. TX
H II

M H

Ft. Worth, TX .
Seattle, WA
Tacoma, WA
Charleston, WV

Station f

(001)
(002)
(037)
(049)
(003)
(057)
(004)
(001)

No of
>1.0

2
2
1
3
2
1
1
1

quarters
>1.5

0
0
0
0
0
0
0
0

Hax 1980 Max 1961 Max 1982
qtrly No. of quarters qtrly No. of quarters qtrly No. of quarters
av« >1.0 >1.5 ave >1.0 >1.5 ave >1.0 >1.5

1.35
1.39
1.26
1.13 1 1 1.96
1.14
1 36
1 06
1.09

Hax 1983 Hax 1984 Hax
qtrly No. of quarters qtrly No. of quarters qtrly
ave >1.0 >1.5 ave >1.0 >1.5 ave

3 1 1 60

1 0 1.04

valid quarterly averages.



near stationary point sources such as smelters, or near routes of high traffic density. Both
situations are represented in Table 7-3; e.g., the Idaho data reflect predominantly stationary
source emissions, whereas the Washington, D.C. data reflect predominantly vehicular emissions.

Table 7-4 summarizes the maximum quarterly lead values for those stations reporting 4
valid quarters in 1979, 1980, and 1981, grouped according to principal exposure orientation or
influence—population, stationary- source, or background. The sites located near stationary
sources clearly dominate the concentrations over 2.0 ug/m3; however, new monitor siting guide-
lines, discussed in Section 7.2.1.3.2, will probably effect some increase in the upper end of
the distribution of values from population-oriented sites by adding monitoring sites closer to
traffic emissions.

The effect of the 1978 National Ambient Air Quality Standard for Lead has been to reduce
the air concentration of lead in major urban areas. Similar trends may also be seen in urban
areas of lesser population density. Continuous monitoring at non-urban stations has been in-
sufficient to show a trend at more than a few locations. There are two reports that reflect a
trend toward decreasing atmospheric lead'concentrations. Eisenreich et al. (1986) report de-
creasing concentrations of lead in rain during the period 1979-83 from 29 to 4.3 ug/liter in
urban areas and 5.7 to 1.5 in rural areas. All sites were in Minnesota. Trefry et al. (1985)
reported a decrease in the lead concentration of Mississippi River sediment layers for the
post 1970 period. They estimated that the Mississippi River carried 40 percent less lead in
suspended sediments in 1982-83 than in 1974-1975.
7.2.1.3 Changes in Air Lead Prior to Human Uptake. There are many factors that can cause
differences between the concentration of lead measured at a monitoring station and the actual
inhalation of air by humans. The following sections show that air lead concentrations usually
decrease with vertical and horizontal distance from emission sources, and are generally lower
indoors than outdoors. A person working on the fifth floor of an office building would be ex-
posed to less lead than a person standing on a curb at street level. The following discus-
sions will describe how these differences can affect individual exposures in particular cir-
cumstances.
7.2.1.3.1 Airborne particle size distributions. The effects of airborne lead on human health
and welfare depend upon the sizes of the lead-containing particles. As discussed in Chapter
6, large particles are removed relatively quickly from the atmosphere by dry and wet deposi-
tion processes. Particles with diameter smaller than a few micrometers tend to remain air-
borne for long periods (see Section 6.3.1).

Figure 7-5 summarizes airborne lead particle size data from the literature (Davidson and
Osborn, 1984). Minimum and maximum aerodynamic particle diameters of 0.05 urn and 25 ym, re-
spectively, have been assumed unless otherwise specified in the original reference. Note that
most of the airborne lead mass is associated with small particles. There is also a distinct
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TABLE 7-4. DISTRIBUTION OF AIR LEAD CONCENTRATIONS BY TYPE OF SITE FOR 1980-83

Category

Neighborhood scale
Middle scale
Stationary source
Microscale roadside
Other1
Total

<0.5

38
13
99
5

666
820

Concentration ranges
>0.5 >1.0
£1.0 SI. 5

20 3
14 6
25 13
12 8
190 30
262 59

(ug/m3)
>1.5
£2.0

0
0
5
4
15
24

>2.0

1
0
17
1
4
24

Total no. of
site-years

62
33
159
30
905
1189

Percentage of sites in
concentration range 69% 22% 5% 2% 2% 100%

1Data are the number of site years during 1980-83 falling within the designated quarterly
average concentration range. To be included, a site year must have four valid quarters
of data.

Source: SAROAD system.

peak of large particles in the upper end of many of the distributions. Two separate cate-
gories of sources are responsible for these distributions: the small particles result from
nucleation of vapor phase lead emissions (predominantly automotive), while the larger parti-
cles may originate directly from soil dust, coal particles, and other coarse materials, or
indirectly by the attachment of anthropogenically emitted submicron particles with high lead
content to larger particles, such as soil particles. Large particle peaks may also indicate
fly ash with a surface coating of condensed lead (Linton et al., 1980).

Information associated with each in the distributions in Figure 7-5 may be found in Table
7A-1 of Appendix 7A. The first six distributions were obtained by an EPA cascade impactor
network established in several cities during the calendar year 1970 (Lee et al., 1972). These
distributions represent the most extensive size distribution data base available. However,
the impactors were operated at excessive air flow rates that most likely resulted in particle
bounceoff, biasing the data toward smaller particles (Dzubay et al., 1976). Many of the later
distributions, although obtained by independent investigators with poorly defined quality con-
trol, were collected using techniques that minimize particle bounceoff and hence may be more
reliable. It is important to note that a few of the distributions were obtained without back-
up filters that capture the smallest particles. These distributions are likely to be inaccu-
rate, since an appreciable fraction of the airborne lead mass was probably not sampled. The
distributions of Figure 7-5 have been used with published lung deposition data to estimate the
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1.00
0.78
0.80
0.28

0
1.00
0.78
OJO
(US

0
1.00
0.78
0.80
0.28

0
1.00
0.78
OJO
0.28

0
1.00
0.78
0.60
0.28

0
1.00
0.78
OM
0.28

0
1.00
0.78
040
0.28

0
1.00
0.78
0.80
0.28

• 1 CHICAGO. IL I ALTOM. IL ..
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Figure 7-5. Airborne mass size distributions for lead taken from the literature. AC represents
the airborne lead concentration in each size range. Cj is the total airborne lead concentra-
tion in all size ranges, and dp is the aerodynamic particle diameter.

Source: Davidson and Osborn (1984).



fraction of inhaled airborne lead deposited in the human respiratory system (see Section
10.2.1).
7.2.1.3.2 Vertical gradients and siting guidelines. New guidelines for placing ambient air
lead monitors went into effect in July, 1981 (C.F.R. (1984) 40: §58, see Section 4.2.1).
"Microscale" sites, placed between 5 and 15 meters from thoroughfares and 2 to 7 m above the
ground, are prescribed, but until now few monitors have been located close to heavily traveled
roadways. Many of these microscale sites might be expected to show higher lead concentrations
than that measured at nearby middlescale urban sites, due to vertical gradients in lead con-
centrations near the source. One study (PEDCo, 1981) gives limited insight into the relation-
ship between a microscale location and locations further from a roadway. The data in the
lower half of Table 7-5 summarize total suspended particulates and particulate lead concen-
trations in samples collected in Cincinnati, Ohio, on 21 consecutive days in April and May,
1980, adjacent to a 58,500 average daily traffic (ADT) expressway connector. Simple interpo-
lation indicates that a microscale monitor as close as 5 meters from the roadway and 2 m above
the ground would record concentrations some 20 percent higher than those at a "middle scale"
site 21.4 m from the roadway. On the other hand, these data also indicate that although lead
concentrations very close to the roadway (2.8 m setback) are quite dependent on the height of
the sampler, the averages at the three selected heights converge rapidly with increasing dis-
tance from the roadway. In fact, the average lead concentration (1.07 ug/m3) for the one mon-
itor (6.3 m height, 7.1 m setback) that satisfies the microscale site definition does not
prove to be significantly different from the averages for its two companions at other heights
but the same 7.1 ro setback, or from the averages for any of the three monitors at the 21.4 m
setback. It also appears that distance from the source, whether vertical or horizontal, can
be the primary determining factor for changes in air lead concentrations. At 7.1 m setback
distance the samplers at heights of 1.1 and 6.3 m would be about 7 and 11 m, respectively,
from the road surface. The values at these vertical distances are only slightly lower than
the corresponding values for comparable horizontal distances.

Oth?r urban locations around the country with their own characteristic wind flow patterns
an I complex settings, such as multiple roadways, may produce situations where the microscale
site does not record the highest concentrations. Collectively, however, the addition of these
microscale sites to the nation's networks can be expected to shift the distribution of report-
ed quarterly averages toward higher values. This shift will result from the change in com-
position of the networks and is a separate phenomenon from downward trend at long-established
sites described above, reflecting the decrease in lead additives used in gasoline.

Two other studies show that lead concentrations decrease with vertical distance from the
source (PEDCo Environmental, 1977; Sinn, 1980). PEDCo Environmental (1977) measured lead
concentrations at heights of 1.5 and 6.1 m at sites in Kansas City, MO and Cincinnati, OH (top
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TABLE 7-5. VERTICAL DISTRIBUTION OF LEAD CONCENTRATIONS

Location

Kansas City
east of road

west of road

Cincinnati
east of road

west of road

Cincinnati

Cincinnati

Cincinnati

Setback
distance
(m)

3.0d

3.0d

3.0d

3.0d

2.8

7.1

21.4

Height
(m)

6.1
1.5
6.1
1.5

6.1
1.5
6.1
1.5

10.5
6.3
1.1

10.5
6.3
1.1

10.5
6.3
1.1

Effective*
distance
from

source
(m)

6.4
3.2
6.4
3.2

6.4
3.2
6.4
3.2

10.4
6.4
2.9

12.3
9.2
7.1

23.6
22.2
21.4

i

Air lead
cone.
(ug/m3)

1.7
2.0
1.5
1.7

0.9
1.4
0.6
0.8

0.81
0.96
1.33

0.93
1.07
1.16

0.90
0.97
1.01

Ratio to
source

0.85
Se
0.88
S

0.64
S
0.75
S

0.61
0.72
S

0.69
0.80
0.87

0.68
0.73
0.77

Effective distance was calculated assuming the source was ̂ he edge of the roadway at a
height of O.lm.

DSource: PEDCo Environmental (1977).
:Source: PEDCo (1981).
Assumed setback distance of 3.0 m.
Station closest to source used to calculate ratio.

half of Table 7-5). The sampling sites in Kansas City were described as unsheltered, unbiased
by local pollution influences, and not immediately surrounded by large buildings. The
Cincinnati study was conducted in a primarily residential area with one commercial street.
Samplers were operated for 24-hour periods; however, a few 12-hour samples were collected from
8 AM to 8 PM. Data were obtained in Kansas City on 35 days and in Cincinnati on 33 days. The
measured concentrations were greater at 1.5 m than at 6.1 m, and the difference between the
east side and west side of the street was approximately the same as the difference between 1.5
m and 6.1m in height.
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Sinn (1980) investigated airborne lead concentrations at heights of 3 and 20 m above a
road in Frankfurt, Germany. Measurements conducted in December 1975, December 1976, and Janu-
ary 1978 gave monthly mean values of 3.18, 1.04, and 0.66 ug/m3, respectively, at 3 m height.
The corresponding values at 20 in height were 0.59, 0.38, and 0.31 ug/m3, showing a substantial
reduction at this height. The decrease in concentration over the 2-year period was attributed
to a decrease in the permissible lead content of gasoline from 0.4 to 0.15 g/liter beginning
in January, 1976.

Two reports show no relationship between air concentration and vertical distance
(Sarltrop and Strehlow, 1976; Ter Haar, 1979). From August, 1975 to July, 1976, Barltrop and
Strehlow (1976) conducted an air sampling program in London at a proposed nursery site under
an elevated motorway. The height of the motorway was 9.3 m. Air samplers were operated at
five to seven sites during the period from Monday to Friday, 8 AM to 6 PM, for one year. The
maximum individual value observed was 18 ug/m-1. The 12-month mean ranged from 1.35 to 1.51
ug/m3, with standard deviations of 0.91 and 0.66, respectively. The authors reported that the
airborne concentrations were independent of height from ground level up to 7 m.

Ter Haar (1979) measured airborne lead at several heights above the ground, using sam-
plers positioned 6 m from a heavily traveled road in Detroit. A total of nine 8-hour daytime
samples were collected. The overall average airborne lead concentrations at heights of 0.3,
0.9, 1.5, and 3.0 m were 4.2, 4.8, 4.7, and 4.6 ug/m3, respectively, indicating a uniform con-
centration over this range of heights at the measurement site. It should be noted that at any
one height, the concentration varied by as much as a factor of 10 from one day to the next;
the importance of simultaneous sampling when attempting to measure gradients is clearly demon-
strated.

Data that show variations with vertical distance reflect the strong influence of the geo-
metry of the boundary layer, wind, and atmospheric stability conditions on the vertical gradi-
ant of lead resulting from automobile emissions. The variability of concentration with height
is further complicated by the higher emission elevation of smokestacks. Concentrations mea-
su'-ed from sampling stations on the roofs of buildings several stories high may not reflect
actu.il human exposure conditions, but neither would a single sampling station located at
ground leve 1 among several buildings. The height variation in concentration resulting from
vertical diffusion of automobile emissions is likely to be small compared to temporal and
spatial variations resulting from surface geometry, wind, and atmospheric conditions. Our
understanding of the complex factors affecting the vertical distribution of airborne lead is
extreme^./ limited, but the data of Table 7-5 indicate that air lead concentrations are pri-
marily a function of distance from the source, whether vertical or horizontal.
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7.2.1.3.3 Indoor/outdoor relationships and personal monitoring. Because people spend much of
their time indoors, ambient air sampled outdoors may not accurately represent actual inhala-
tion exposure to airborne lead. Table 7-6 summarizes the results of several indoor/outdoor
airborne lead studies. In nearly all cases, the indoor concentration is substantially lower
than the corresponding value outdoors; the only indoor/outdoor ratio exceeding unity is for a
high-rise apartment building, where air taken in near street level is rapidly distributed
through the building air circulation system. Some of the studies in Table 7-6 show smaller
indoor/outdoor ratios during the winter, when windows and doors are tightly closed. Overall,
the data suggest indoor/outdoor ratios of 0.6-0.8 are typical for airborne lead in houses
without air conditioning. Ratios in air conditioned houses are expected to be in the range of
0.3-0.5 (Yocom, 1982). The available data imply that virtually all airborne lead found in-
doors is associated with material transported from the outside. Because of the complexity of
factors affecting infiltration of air into buildings, however, it is difficult to predict
accurately indoor lead concentrations based on outdoor levels. Rabinowitz et al. (1984) found
a correlation between indoor air lead in Boston homes and the amount of lead sold in gasoline
in Massachusetts.

Even detailed knowledge of indoor and outdoor airborne lead concentrations at fixed loca-
tions may still be insufficient to assess human exposure to airborne lead. The study of
Tosteson et al. (1982) in Table 7-6 included measurement of airborne lead concentrations using
personal exposure monitors carried by individuals going about their day-to-day activities. In
contrast to the lead concentrations of 0.092 and 0.12 ug/m3 at fixed locations, the average
personal exposure was 0.16 ug/m3. The authors suggest this indicates an inadequacy of using
fixed monitors at either indoor or outdoor locations to assess exposure. v

Rohbock (1981) reported that, whereas a parked car may exhibit properties similar to
buildings in reducing internal air concentrations, a moving car quickly reaches the same air
lead concentration inside as outside, suggesting a rapid exchange of air in a moving vehicle.

7.2.2 Lead in Soil
Much of the lead in the atmosphere is transferred to terrestrial surfaces where it is

eventually passed to the upper layer of the soil surface. The mechanisms that determine the
transfer rate of lead to soil are described in Section 6.4.1 and the transformation of lead in
soil in Section 6.5.1. The uptake of lead by plants and its subsequent effect on animals may
be found in Sections 8.3 and 8.4, respectively. The purpose of this section is to discuss the
distribution of lead in U.S. soils and the impact of this lead on potential human exposures.
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TABLE 7-6. COMPARISON OF INDOOR AND OUTDOOR AIRBORNE LEAD CONCENTRATIONS

Airborne lead concentration
(ug/m3)

Type of building Indoor Outdoor

Library
City hall
Office building 1
Office building 2
House 1
House 2

Apartment building 1
Second floor
Roof

Apartment building 2
Third floor
Eleventh floor
Eighteenth floor
Roof

New air conditioned
apartment

Older non-air condi-
tioned apartment

Air conditioned public
building

Non-air conditioned
storeroom in public
building

Houses
University buildings
Public school?
Store
Commercial office

Houses
Houses with gas stoves
Houses with electric

stoves
Office bui idings

1.12
1.31
0.73
0.55
1.37
0.94

1.46
1.50

--
1.68
1.86
--

0.12-0.40

0.14-0.51

0.15-0.79

0.45-0.98
--
--
--
--
--

0.092
--

--
--

2.44
1.87
1.44
1.09
2.48
1.34

2.67
1.38

1.21
--
--
1.42

0.13-0.50

0.17-0.64

0.33-1.18

0.38-1.05
--
--
--
—
--

0.12
--

--
—

Indoor/outdoor
ratio Location Ref

0.46
0.70
0.51
0.51
0.55
0.70

0.55
1.09

—
—
--
--

0.82

0.87

0.63

0.81
0.53
0.28
0.28
0.31
0.27

0.74
0.65

0.68
0.42

Hartford, CT 1
"
"n
"
"

New York, NY 211

n
n
"n

New York, NY 3

"

"

"
Pittsburgh, PA 4n

11
11

"

Topeka, KS 5
Boston, MA 6

"
"
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TABLE 7-6. (continued)

Type of building
House 1
Before energy conser-

Airborne lead concentration
(ug/m3)

Indoor Outdoor
Indoor/outdoor

ratio Location Ref

vation retrofit
After energy conser-

vation retrofit

House 2
Before energy conser-

vation retrofit
After energy conser-

vation retrofit

0.039

0.037

0.035

0.038

0.070

0.084

0.045

0.112

0.56

0.44

0.78

0.34

Medford, OR 7

"

"

"
Sources:
1. Yocom et al., 1971.
2. General Electric Company, 1972.
3. Halpern, 1978.
4. Cohen and Cohen, 1980.
5. Tosteson et al., 1982.
6. Geomet, Inc. , 1981.
7. Berk et al., 1981.

7.2.2.1. Typical Concentrations of Lead in Soil
7.2.2.1.1 Lead in urban, smelter, and rural soils. Shacklette et al. (1971) sampled soils at
a depth of 20 cm to determine the elemental composition of soil materials derived from the
earth's crust, not the atmosphere. The range of values probably represent natural levels of
lead in soil, although there may have been some contamination with anthropogenic lead during
collection and handling. Lead concentrations in soil ranged from less than 10 to greater than
70 ug/g. The arithmetic mean of 20 ug/g and geometric mean of 16 ug/g reflect the fact that
most of the 863 samples were below 30 M9/9 at this depth. McKeague and Wolynetz (1980) found
the same arithmetic mean (20 ug/g) for 53 uncultivated Canadian soils. The range was 5 to 50
ug/g and there was little variation with depth between the A, B and C horizons in the soil
profile.

Studies discussed in Section 6.5.1 have determined that atmospheric lead is retained in
the upper 2-5 cm of undisturbed soil, especially soils with at least 5 percent organic matter
and a pH of 5 or above. There has been no general survey of this upper 2-5 cm of the soil
surface in the United States, but several studies of lead in soil near roadsides and smelters
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and a few studies of lead in soil near old houses with lead-based paint can provide the back-
gound information for determining potential human exposures to lead from soil.

Because lead is immobilized by the organic component of soil (Section 6.5.1), the concen-
tration of anthropogenic lead in the upper 2-5 cm is determined by the flux of atmospheric
lead to the soil surface. Near roadsides, this flux is largely by dry deposition and the rate
depends on particle size and concentration. These factors vary with air concentration and
average windspeed (see Section 6.4.1). In general, deposition drops off abruptly with in-
creasing distance from the roadway. This effect is demonstrated in studies that show that
surface soil lead decreases exponentially up to 25 m from the edge of the road. The original
work of Quarles et al. (1974) showed decreases in soil lead from 550 to 40 ug/g within 25 m
alongside a highway with 12,500 vehicles/day in Virginia. Pierson and Brachaczek (1976) found
that lead concentrations in topsoil adjacent to a major artery decreased exponentially from 0
to 12 m away from the highway (Figure 7-6). These findings were confirmed by Wheeler and
Rolfe (1979), who observed an exponential decrease linearly correlated with traffic volume.
Agrawal et al. (1981) found similar correlations between traffic density and roadside proxim-
ity in Baroda City, as did Garcia-Miragaya et al. (1981) in Venezuela and Wong and Tarn (1978)
in Hong Kong. Little and Wiffen (1978) found additional relationships between particle size
and roadside proximity and decreases with depth in the soil profile. The general conclusion
from these studies is that roadside soils may contain atmospheric lead from 30-2000 ug/g in
excess of natural levels within 25 m of the roadbed, all of which is in the upper layer of the
soil profile. It is assumed that particles deposited directly on the roadway are washed to
the edge of the pavement, but do not migrate beyond the shoulder.

Near primary and secondary smelters, lead in soil decreases exponentially within a
5-10 km zone around the smelter complex. Soil lead contamination varies with the smelter
emission rate, stack height, length of time the smelter has been in operation, prevailing
windspeed ind direction, regional climatic conditions, and local topography (Roberts, 1975).

Litfe and Martin (1972) observed decreases from 125 to 10 ug/g in a 6 km zone around a
.smelting complex in Great Britain; all of the excess lead was in the upper 6 cm of the soil
profii^. Rooerti (1975) reported soil lead between 15,000 and 20,000 ug/g near a smelter in
Toro,ito <enn (1975) found 5,000-9,000 ug/g adjacent to a Yugoslavian smelter; the contami-
nation /one was 7 km in radius. Ragaini et al. (1977) observed 7900 ug/g near a smelter in
Kellogg, Idaho; they also observed a 100-fold decrease at a depth of 20 cm in the soil pro-
'ile Palmar and Kucera (1980) observed soil lead in excess of 60,000 ug/g near two smelters
;n Missouri , decreasing to 10 ug/g at 10 km.

Urban soils may be contaminated from a variety of atmospheric and non-atmospheric
sources. The major sources of soil lead seem to be paint chips from older houses and deposi-
tion from nearby highways. Lead in soil adjacent to a house decreases with distance from the
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house; this may be due to paint chips or to dust of atmospheric origin washing from the roof-
top (Wheeler and Rolfe, 1979).

Andresen et al. (1980) reported lead in the litter layer of 51 forest soils in the north-
eastern United States. They found values from 20-700 |jg/g, which can be compared only qual-
itatively to the soil lead concentration cited above. This study clearly shows that the major
pathway of lead to the soil is by the decomposition of plant material containing high concen-
trations of atmospheric lead on or within their tissues. Because this organic matter is a
part of the decomposer food chain, and because the organic matter is in dynamic equilibrium
with soil moisture, it is reasonable to assume that lead associated with organic matter is
biologically more mobile than lead tightly bound within the crystalline structure of inorganic
rock fragments.

Finally, a definitive study that describes the source of soil lead was reported by Gulson
et al. (1981) for soils in the vicinity of Adelaide, South Australia. In an urban to rural
transect, stable lead isotopes were measured in the top 10 cm of soils over a 50 km distance.
By their isotopic compositions, three sources of lead were identified: natural, non-automo-
tive industrial lead from Australia, and tetraethyl lead manufactured in the United States.
The results indicated that most of the soil surface lead originated from leaded gasoline.
Similar studies have not been conducted in the United States.
7.2.2.1.2 Natural and anthropogenic sources of soil lead. Although no study has clearly
identified the relative concentrations of natural and anthropogenic lead in soil, a few clari-
fying statements can be made with some certainty. Lead may be found in inorganic primary
minerals, on humic substances, complexed with Fe-Mn oxide films, on secondary minerals or in
soil moisture. All of the lead in primary minerals is natural and is bound tightly within the
crystalline structure of the minerals. Most of this lead can be released only by harsh treat-
ment with acids. The lead on the surface of these minerals is leached slowly into the soil
moisture. Atmospheric lead forms complexes with humic substances or on oxide films that are
in equilibrium with soil moisture, although the equilibrium strongly favors the complexing
agents. Consequently, the ratio of anthropogenic to natural lead in soil moisture depends
mostly on the amounts of each type of lead in the complexing agents and very little on the
concentration of natural lead in the inorganic minerals.

Except near roadsides and smelters, only a few micrograms of atmospheric lead have been
added to each square centimeter of soil surface. Several studies indicate that this lead is
available to plants (Section 8.3.1.1). Even with small amounts of atmospheric lead, as much
as /5 percent of the lead in soil moisture is of atmospheric origin (Elias et al. , 1982). A
conservative estimate of 50 percent is used in the discussions in Section 7.3.1.2. A break-
down of the types of lead in soil may be found in Table 7-7.
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TABLE 7-7. SUMMARY OF SOIL LEAD CONCENTRATIONS
(M9/g)

Matrix

Total soil
Primary minerals
Humic substances*
Soil moisture

Natural
lead

8-25
8-25
20
0.0005

Atmospheric
lead

Rural

3-5

60
0.0005

Urban

50-150

2000
0.0150

Total
lead

Rural

10-30
8-25
80
0.001

Urban

150-300
8-25
2000
0.0155

^Assumes 5% organic matter, pH 5.0; may also include lead in Fe-Mn oxide films.

7.2.2.2 Pathways of Soil Lead to Human Consumption
7.2.2.2.1 Crops. On the surfaces of vegetation, most lead may be of atmospheric origin. In
the internal tissues, lead may be a combination of atmospheric and soil origin. As with
soils, lead on vegetation surfaces decreases exponentially with distance away from roadsides
and smelters (Cannon and Bowles, 1962; Nasralla and Ali, 1985; see also Chapter 8). For many
years, plant surfaces have been used as indicators of lead pollution (Garty and Fuchs, 1982;
Pilegaard, 1978; Ratcliffe, 1975; Ruhling and Tyler, 1969; Tanaka and Ichikuni, 1982). These
studies all show that lead on the surface of leaves and bark is proportional to traffic den-
sity and distance from the highway, or more specifically, to air lead concentrations and par-
ticle size distributions. Other factors such as surface roughness, wind direction and speed
are discussed in Chapter 6. The data also show that lead in internal plant tissues is direct-
ly, although not always linearly, related to lead in soil. Nicklow et al. (1983) found a
linear relationship between extracted soil lead and several food crops.

In a study to determine the background concentrations of lead and other metals in agri-
cultural crops, the Food and Drug Administration (Wolnik et al., 1983, 1985), in cooperation
with the U.S. Department of Agriculture and the U.S. Environmental Protection Agency, analyzed
over 1500 samples of the most common crops taken from a cross section of geographic locations.
Collection sites were remote from mobile or stationary sources of lead. Soil lead concentra-
tions were within the normal range (8-25 M9/9) of u-s- soils. Extreme care was taken to avoid
contamination during collection, transportation, and analysis. The concentrations of lead in
crops found by Wolnik et al. (1983, 1985) are shown as "Total" concentrations in Table 7-8.
The breakdown by source of lead is discussed below. The total concentration data should
probably be seen as representing the lowest concentrations of lead in food available to
Americans. From harvest to packaging, the lead concentration in food increases by a factor of
2-12 (see Section 7.3.1.2). A small portion of this increase may occur because: (1) some

7-32



TABLE 7-8. BACKGROUND LEAD IN BASIC FOOD CROPS AND MEATS
(ug/g fresh weight)

Crop

Wheat
Potatoes
Field corn
Sweet corn
Soybeans
Peanuts
Onions
Rice
Carrots
Tomatoes
Spinach
Lettuce
Beef (muscle)
Pork (muscle)

Natural
Pb

0.0015
0.0045
0.0015
0.0015
0.021
0.005
0.0023
0.0015
0.0045
0.001
0.0015
0.0015
0.0002
0.0002

Indirect
atmospheric

0.0015
0.0045
0.0015
0.0015
0.021
0.005
0.0023
0.0015
0.0045
0.001
0.0015
0.0015
0.002
0.002

Direct
atmospheric

0.034
—
0.019
—
—
--
--
0.004
--
—
0.042
0.010
0.02
0.06

Total t

0.037
0.009
0.022
0.003
0.042
0.010
0.0046
0.007
0.009
0.002
0.045
0.013
0.02*
0.06*

'Except as indicated, data are from Wolnik et al. (1983, 1985).
*Data from Penumarthy et al. (1980).

crops are grown closer to highways and stationary sources of lead than those sampled by Wolnik
et al. (1983, 1985); (2) some harvest techniques used by farmers might add more lead to the
crop than did Wolnik et al.; and (3) some crops are grown on soils significantly higher in
lead than those of the Wolnik et al. study because of a history of fertilizer additions or
sludge applications.

Because the study reported by Wolnik et al. was a systematic effort that covers a broad
spectrum of agricultural practices in the United States and was conducted with appropriate
attention to quality assurance, it serves in this report as the sole basis for background crop
data. There are many other reputable studies that describe the impact of lead on crops under
specific circumstances or with a variety of control measures. Generally, these studies report
that the lead concentrations are highest in leafy crops, lowest in fruits, with root crops
somewhat intermediate (e.g., Nicklow et al., 1983). It is important to recognize that root
crops such as radishes and potatoes are specialized structures for the storage of photosynthe-
tic products, and are functionally different from the roots that absorb water and nutrients.
These latter roots usually have lead concentrations higher than shoots or leaves and form a
reasonably effective barrier to soil lead. Reports of lead in food crops from other countries
have found patterns similar to those in the United States (Nasralla and A l i , 1985; Wong and
Koh, 1982).
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Studies that specifically apply to roadside or stationary source conditions can be evalu-
ated in the context of these recent background findings by Wolnik et al. (1983, 1985).
Studies of the lead associated with crops near highways have shown that both lead taken up
from soil and aerosol lead delivered by deposition are found associated with the edible por-
tions of common vegetable crops. However, there is enormous variability in the total amount
of lead associated with such crops and in the relative amounts of lead in the plants versus on
the plants. The variability depends upon several factors, the most prominent of which are the
plant species, the traffic density, the meteorological conditions, and the local soil condi-
tions (Welch and Dick, 1975; Rabinowitz, 1974; Dedolph etal., 1970; Motto etal., 1970;
Schuck and Locke, 1970; Ter Haar, 1970). These factors, coupled with the fact that many
studies have not differentiated between lead on plants versus lead in plants, make it diffi-
cult to generalize on the relationship between lead in crops and lead in soil or air. Data of
Schuck and Locke (1970) suggest that in some cases (e.g., tomatoes and oranges) much of the
surface lead is readily removed by washing. But as noted in Section 6.4.3, this is not uni-
versally true; in some cases, much more vigorous washing procedures would be necessary to re-
move all or most of the surface lead.

Ter Haar (1970) found that inedible portions of several plants (bean leaves, corn husks,
soybean husks, and chaff from oats, wheat, and rice) had two to three times the lead concen-
tration when grown near a busy highway compared with similar plants grown 160 m from the high-
way or in a greenhouse supplied with filtered air. The edible portions of these and other
plants showed little or no difference in lead content between those grown in ambient air and
those grown in the filtered air. However, the lead concentrations found by Ter Haar (1970)
for edible portions of crops grown in filtered air in the greenhouse were generally one to two
orders of magnitude higher than those of the same types of crops taken from actual agricul-
tural situations by Wolnik et al. (1983, 1985). Dedolph et al. (1970) found that while rye-
grass and radish leaves grown near a busy highway contained deposited airborne lead, the
edible portion of the radish was unaffected by variations in either soil lead or air lead.

The accumulation of lead by edible portions of crops was measured by Ter Haar (1970), who
showed that edible plant parts not exposed to air (potatoes, corn, carrots, etc.) do not accu-
mulate atmospheric lead, while leafy vegetables do. These results were confirmed by McLean
and Shields (1977), who found that most of the lead associated with food crops is on leaves
and husks. The general conclusion from these studies is that lead associated with food crops
varies according to exposure to the atmosphere and in proportion to the effort taken to
separate husks, chaff, and hulls from edible parts during processing for human or animal con-
sumption.

To estimate the distribution of natural and atmospheric lead in food crops (Table 7-8),
it is necessary to recognize that some crops of the Wolnik et al. study have no lead froa
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direct atmospheric deposition, but rather that all lead found in these crops comes through
soil moisture. The lowest concentrations of lead are found in those crops where the edible
portion grows above ground and it does not accumulate lead from atmospheric deposition (sweet
corn and tomatoes). Belowground crops are protected from atmospheric deposition but have
slightly higher concentrations of lead, partly because lead accumulates in the roots of plants
(potatoes, onions, carrots). Leafy aboveground plants (lettuce, spinach, wheat) have even
higher lead concentrations presumably because of increased exposure to atmospheric lead. The
assumption that can be made here is that, in the absence of atmospheric deposition, exposed
aboveground plant parts would have lead concentrations similar to sweet corn and tomatoes.

The data on these ten crops suggest that root vegetables have lead concentrations between
0.0046 and 0.009 ug/g. This is all lead of soil origin, of which presumably half is natural
and half anthropogenic (called indirect atmospheric lead here). Aboveground parts not exposed
to significant amounts of atmospheric deposition (sweet corn and tomatoes) have less lead in-
ternally, also equally divided between natural and indirect atmospheric lead. If it is
assumed that this same concentration is the internal concentration for aboveground parts for
other plants, it is apparent that five crops (wheat, field corn, rice, spinach, and lettuce)
have direct atmospheric deposition in proportion to surface area and estimated duration of
exposure. The deposition rate of only 0.04 ng/cm2«day, which is much smaller than would
normally be expected in rural environments (see Section 6.4.1) could account for these amounts
of direct atmospheric lead. In this scheme, soybeans are anomalously high. Soybeans grow
inside a sheath and should have an internal lead concentration similar to sweet corn.

These discussions lead to the conclusion that root parts and protected aboveground parts
of edible crops contain natural lead and indirect atmospheric lead, both derived from the
soil For exposed aboveground parts, any lead in excess of the average found on unexposed
ab'iveground parts is considered to be the result of direct atmospheric deposition.

Near smelters, Merry et al. (1981) found a pattern different from roadside studies cited
abo< j They observed that wheat crops contained lead in proportion to the amount of soil
le?ri, not vegetation surface contamination. A similar effect was reported by Harris (1981).
7.?. 1.2.2 Livestock. Lead in forage was found to exceed 950 ug/g within 25 m of roadsides
wit-h 15,000 or more vehicles per day (Graham and Kalman, 1974). At lesser traffic densities,
2G.r' Mg/g were found. Other reports have observed 20-660 ug/g with the same relationship to
traffic density and distance from the road (see review by Graham and Kalman, 1974). A more
recent study by Crump and Barlow (1982) showed that the accumulation of lead in forage is di-
rectly related to the deposition rate, which varied seasonally according to traffic density.
The deposition rate was measured using the moss bag technique, in which bags of moss are
exposed and analyzed as relative indicators of deposition flux. Rain was not effective in
removing lead from the surface of the moss. The ratio of atmospheric lead to total lead in
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meat products is partly a function of the same ratio in forage. The fact that most lead in
cattle is stored in bones and not eaten by man does not alter the ratio of atmospheric to
total lead in meat.

Factors that might add non-atmospheric lead would be soil ingestion by cattle, processed
food given to cattle in feedlots, and lead added during processing. Thornton and Abrahams
(1983) estimated that 1 to 18 percent of the dry matter ingested by cattle is soil, based the
titanium content of feces. Soil ingestion increases when overgrazing is permitted because of
dry weather, seasonal changes or other farm management practices. Most of the ingested soil
would be from the upper 1-5 cm. In a normal pasture this soil layer would contain a signifi-
cant fraction of atmospheric lead.

7.2.3 Lead in Surface and Ground Water
Lead occurs in untreated water in either dissolved or particulate form. Dissolved lead is

operationally defined as that which passes through a 0.45 urn membrane filter. Because atmos-
pheric lead in rain or snow is retained by soil, there is little correlation between lead in
precipitation and lead in streams which drain terrestrial watersheds. Rather, the important
factors seem to be the chemistry of the stream (pH and hardness) and the volume of the stream
flow. For groundwater, chemistry is also important, as is the geochemical composition of the
water-bearing bedrock.

Of the year-round housing units in the United States, 84 percent receive their drinking
water from a municipal or private supply of chemically treated surface or ground water. The
second largest source is privately owned wells (U.S. Bureau of the Census, 1982). In some
communities, the purchase of untreated bottled drinking water is a common practice. The ini-
tial concentration of lead in this water depends largely on^he source of the untreated water.
7.2.3.1. Typical Concentrations of Lead in Untreated Water
7.2.3.1.1 Surface water. Durum et al. (1971) reported lead concentrations in the range of
1-55 ug/1 in 749 surface water samples in the United States. Very few samples were above
50 (jg/1, and the average was 3.9 ug/1. Chow (1978) reviewed other reports with mean values
between 3 and 4 ug/1. The National Academy of Sciences (1980) reported a mean of 4 ug/1, with
a range from below detection to 890 ug/1. Concentrations of 100 ug/1 were found near sites of
sewage treatment, urban runoff, and industrial waste disposal.

Because 1 ug lead/1 was at or below the detection limit of most investigators during the
1970's, it is likely that the mean of 3-4 ug/1 was unduly influenced by a large number of
erroneously high values at the lower range of detection. On the other hand, Patterson (1980)
reports values of 0.006-0.05 ug/1 for samples taken from remote streams. Extreme care was
.taken to avoid contamination and analytical techniques sensitive to less than 0.001 ug/1 were
used.
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Streams and lakes are influenced by their water chemistry and the lead content of their
sediments. At neutral pH, lead moves from the dissolved to the participate form and the part-
icles eventually pass to sediments. At low pH, the reverse pathway generally takes place.
Hardness, which is a combination of the Ca and Mg concentration, also can influence lead con-
centrations. At higher concentrations of Ca and Mg, the solubility of lead decreases. Fur-
ther discussion of the chemistry of lead in water may be found in Sections 6.5.2.1 and 8.2.2.
7.2.3.1.2 Ground water. Municipal and private wells account for a large percentage of the
drinking water supply. This water typically has a neutral pH and somewhat higher hardness
than surface water. Lead concentrations are not influenced by acid rain, surface runoff, or
atmospheric deposition. Rather, the primary determinant of lead concentration is the geochem-
ical makeup of the bedrock that is the source of the water supply. Ground water typically
ranges from 1 to 100 |jg lead/1 (National Academy of Sciences, 1980). Again, the lower part of
the range may be erroneously high due to difficulties of analysis. It is also possible that
the careless application of fertilizers or sewage sludge to agricultural lands can cause con-
tamination of ground water supplies.
7.2.3.1.3 Natural vs. anthropogenic lead in water. Although Chow (1978) reports that the na-
tural lead concentration of surface water is 0.5 ug/1, this value may be excessively high. In
a discussion of mass balance considerations (National Academy of Sciences, 1980), natural lead
was suggested to range from 0.005 to 10 M9/1- Patterson (1980) used further arguments to
establish an upper limit of 0.02 ug/1 for natural lead in surface water. This upper limit
will be used in further discussions of natural lead in drinking water.

Because ground water is free of atmospheric lead, lead in ground water should probably be
considered natural in origin as it occurs at the well head, unless there is evidence of sur-
face contamination.
7.2.3.2 Human Consumption of Lead in Water. Whether from surface or ground water supplies,
municipal waters undergo extensive chemical treatment prior to release to the distribution
system There is no direct effort to remove lead from the water supply. However, some treat-
ments, such as flocculation and sedimentation, may inadvertently remove lead along with other
undesirable substances. On the other hand, chemical treatment to soften water increases the
so'ubility of lead and enhances the possibility that lead will be added to water as it passes
through the distribution system.
J.2 3,2.1 Contributions to drinking water. For samples taken at the household tap, lead con-
centrations are usually higher in the initial volume (first daily flush) than after the tap
has been r,inning for some time. Water standing in the pipes for several hours is intermediate
between these two concentrations (Sharrett et al., 1982; Worth et al., 1981). Common plumbing
materials ire galvanized and copper pipe; lead solder is usually used to seal the joints of
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copper pipes. Lead pipes are seldom in service in the United States, except in the New
England states (Worth et al., 1981), and as a flexible fitting between the main line and the
house service pipe.

Average lead content of running water at the household tap is generally lower (8 ug/1)
than in some untreated water sources (25-30 ug/1) (Sharrett et al., 1982). Water treatment
removes lead associated with the suspended solids in raw surface waters. If first flush or
standing water is sampled, the lead content may be considerably higher. Sharrett et al.
(1982) showed that in both copper and galvanized pipes, lead concentrations were increased by
a factor of two when the sample was taken without first flushing the line (see Section
7.3.1.3).

The age of the plumbing is an important factor. New copper pipes with lead solder
exposed on the inner surface of the joints produce the highest amount of lead in standing
water. After about six years, this lead is either leached away or covered with calcium
deposits, and copper pipes subsequently have less lead in standing water than galvanized
pipes. Because lead pipes are rarely used in the United States, exposure from this source
will be treated as a special case in Section 7.3.2.1.4. The pH of the water is also impor-
tant; the acid water of some eastern and northwestern United States localities can increase
the leaching rate of lead from lead pipes or lead solder joints and prevent the buildup of a
protective coating of calcium carbonate plaque.

Table 7-9 summarizes the contribution of atmospheric lead to drinking water. In this
determination, the maximum reported value for natural lead (0.02 ug/1) was used, all addi-
tional lead in untreated water is considered to be of atmospheric origin, and it is assumed
that treatment removes 85 percent of the original lead, and that any lead added during distri-
bution is non-atmospheric anthropogenic lead.
7.2.3.2.2 Contributions to food. The use of treated water in the preparation of food can be
a significant source of lead in the human diet. There are many uncertainties in determining
this contribution, however. Water used in food processing may be from a municipal supply or a
private well. This water may be used to merely wash the food, as with fruits and vegetables,
or as an actual ingredient. Water lead may remain on food that is partially or entirely de-
hydrated during processing (e.g., pasta). Water used for packing or canning may be used with
the meal or drained prior to preparation. It is apparent from discussions in Section 7.3.1.3
that, considering both drinking water and food preparation, a significant amount of lead can
be consumed by humans from treated water. Only a small fraction of this lead is of atmos-
pheric origin, however.
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TABLE 7-9. SUMMARY OF LEAD CONCENTRATIONS IN DRINKING WATER SUPPLIES
(M9/D

Source

Untreated
Lakes
Rivers
Streams
Groundwater

Treated
Surface
Ground

Natural
lead

0.02
0.02
0.02
3

0.003
0.45

Indirect
atmospheric

lead

15
15
2.5
0

2.5
0

Direct
atmospheric

lead

10
15
2.5
0

1.5
0

Non- atmospheric
anthropogenic

lead

0
0
0
0

4
7.5

Total
lead

25
30
5
3

8
8

Source: Text

7.2.4 Summary of Environmental Concentrations of Lead
Lead concentrations in environmental media that are in the pathway to human consumption

are summarized in Table 7-10. These values are estimates derived from the preceding discus-
sions. A single value has been used, father than a range, in order to facilitate further
estimates of actual human consumption. This use of a single value is not meant to imply a
high degree of certainty in its determination or homogeneity within the human population. The
units for water are converted from pg/1 as in Table 7-9 to ug/g to facilitate the discussions
of dietary consumption of water and beverages.

TABLE 7-10. SUMMARY OF ENVIRONMENTAL CONCENTRATIONS OF LEAD

Medium

Urban air (jjg/m3)
Rural air (ug/m3)

TeMl 501 i (ug/g)

Food crops (.ug/g)

St' face voter (ug/g)*

Ground water (ug/g)*

*Note change in units

Natural
lead

0.00005
0.00005

8-25

0.0025

0.00002

0.003

from Table 7-9.

Atmospheric
lead

0.3-1.1
0.15-0.3

3-5

0.00-0.042

0.005-0.030

0.00

Total
lead

0.3-1.1
0.15-0.3

10-30

0.002-0.045

0.005-0.030

0.001-0.1
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Because concentrations of natural lead are generally three to four orders of magnitude
lower than anthropogenic lead in ambient rural or urban air, all atmospheric contributions of
lead are considered to be of anthropogenic origin. Natural soil lead typically ranges from 10
to 30 ug/g, but much of this is tightly bound within the crystalline matrix of soil minerals
at normal soil pHs of 4-8. Lead in the organic fraction of soil is part natural and part
atmospheric. The fraction derived from fertilizer is considered to be minimal. In undis-
turbed rural and remote soils, the ratio of natural to atmospheric lead is about 1:1, perhaps
as high as 1:3. This ratio persists in soil moisture and in internal plant tissues. Thus,
some of the internal lead in crops is of anthropogenic origin, and some is natural. Informa-
tion on the effect of fertilizer on this ratio is not available. Lead in untreated surface
water is 99 percent anthropogenic. Except near municipal waste outfalls, this anthropogenic
lead is mostly atmospheric. It is possible that 75 percent of this lead is removed during
treatment. Lead in untreated ground water is presumed to be natural in the absence of evi-
dence of groundwater contamination.

In tracking air lead through pathways to human exposure, it is necessary to distinguish
between lead of atmospheric origin that has passed through the soil (indirect atmospheric
lead), and atmospheric lead that has deposited directly on crops or water. Because indirect
atmospheric lead will remain in the soil for many decades, this source is insensitive to pro-
jected changes in atmospheric lead concentrations. Regulation of ambient air lead concentra-
tions will not affect indirect atmospheric lead concentrations over the next several decades.

The method used in this document for calculating the relative contribution of atmospheric
lead to total potential human exposure relies partially on the relationship between air con-
centration and deposition flux described on Section 6.4. Estimates of contributions from
other sources are usually based on the observed value for total lead concentration from which
the estimated contribution of atmospheric lead is subtracted. The forms of lead subject to
the greatest human exposure are atmospheric lead, lead in food cans, and lead in paint pig-
ments. There is little evidence for the substantial contribution of other forms of anthropo-
genic lead to the total lead consumption by the general U.S. population.

7.3 POTENTIAL PATHWAYS TO HUMAN EXPOSURE
The preceding section discussed ambient concentrations of lead in the environment, focus-

ing on levels in the air, soil, food crops, and water. In this section, environmental lead
concentrations are examined from the perspective of pathways to human exposure (Figure 7-1).
Exposure is a measure of the amount of pollutant available at the interface between the human
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and the human environment. The estimation of exposure requires a knowledge of pollutant con-
centrations of each environmental component, the amounts of each environmental component con-
sumed, and the time budgets or other specific activities normal for humans (Moschandreas,
1981) For this analysis, a current baseline exposure scenario is described for an individual
with a minimum amount of daily lead consumption. It is assumed that this person lives and
works in a nonurban environment, eats a normal diet of food taken from a typical grocery
shelf, and has no habits or activities that tend to increase lead exposure. Without drastic
changes in lifestyle, lead exposure at the baseline level is considered unavoidable without
further reductions of lead in the atmosphere or in canned foods. Most of the baseline lead is
of anthropogenic origin, although a portion is natural, as discussed in Section 7.3.1.5.

7.3.1 Baseline Human Exposure
To arrive at a minimum or baseline exposure for humans, it is necessary to begin with the

environmental components (air, soil, food crops, and water) that are the major sources of lead
consumed by humans (Table 7-10). These components are measured frequently, even •onitored
routinely in the case of air, so that many data are available on their concentrations. But
there are several factors that modify these components prior to actual human exposure. We do
not breathe air as monitored at an atmospheric sampling station. We may be closer to or far-
ther from the source of lead than is the monitor. We may be inside a building, with or with-
out filtered air; the water we drink does not come directly from a stream or river. It has
passed through a chemical treatment plant and a distribution system. A similar type of pro-
cessing has modified the lead levels present in our food.

[t is inappropriate to assess human exposure to lead from a single source or through a
single medium without a simultaneous assessment from other sources (Laxon et al., 1985). Our
ability to monitor the environment depends on the available technology. But our knowledge of
human exposure depends on the correct understanding of the transfer of a pollutant from the
environmental component to the human body. In the past, exposure to air pollutants have been
interpreter! strictly in the context of inhalation, with little consideration given to other
rouca or exposure This document attempts to assess the total human exposure to lead from
j'i sources and through all pathways.

Besides the atmospheric lead in environmental components, there are two other anthropo-
genic sources that contribute to this baseline of human exposure: paint pigments and lead
sc'de'- (H'iqur". 7-"''i Solder contributes directly to the human diet through canned food and
copper water distribution systems. Chips of paint pigments are discussed later under special
environments 3ut paint and solder are also a source of lead-bearing dusts. The most common
dusts in the baseline human environment are street dusts and household dusts. They originate
as emissions from mobile or stationary sources, as the oxidation products of surface exposure,
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Figure 77. Paint pigments and solder are two additional sources of potential lead exposure which
are not of atmospheric origin. Solder is common even in baseline exposures and may represent 30
to 45 percent of the baseline human consumption. Paint pigments are encountered in older
houses and in soils adjacent to older houses.



or as products of fractional grinding processes. Dusts are different from soil in that soil
derives from crustal rock and typically has a lead concentration of 10-30 ug/g, whereas dusts
come from both natural and anthropogenic sources and vary from 1,000 to 10,000 ug/g.

The discussion of the baseline human exposure traces the sequence from ambient air to in-
haled air, from soil to prepared food, from natural water to drinking water, and from paint,
solder and aerosol particles to dusts. At the end of this section, Table 7-18 summarizes the
four sources by natural and anthropogenic contributions, with the atmospheric contribution to
the anthropogenic fraction identified. Reference to this table will guide the discussion of
human exposure in a logical sequence that ultimately presents an estimate of the exposure of
the human population to atmospheric lead. To construct this table, it was necessary to make
decisions based on sound scientific judgment, extracted from the best available data. This
method provides a working approach to identifying sources of lead that can be easily modified
as more accurate data become available.
7.3.1.1 Lead in Inhaled Air. A principal determinant of atmospheric lead concentration is
distance from the source. At more than 100 m from a major highway or more than 2 km from a
stationary source, lead concentrations generally drop to constant levels (see Section 6.3),
and the particle size distribution shifts from a bimodal distribution to a unimodal one with
an MMAD of about 0.2 urn. Because the concentration of atmospheric lead at nonurban stations
is generally 0.05-0.15 ug/m3, a value of 0.1 ug/m3 may reasonably be assumed. A correction
can be made for the indoor/outdoor ratio assuming the average individual spends 20-22 hours/
day in an unfiltered inside atmosphere and the average indoor/outdoor ratio for a nonurban
location is 0.5 (Table 7-6). The adjusted air concentration becomes 0.05 ug/m3 for baseline
purposes.

The concentration of natural lead in the atmosphere, discussed in Section 7.2.1.1.3, is
probably about 0.00005 ug/m3. This is an insignificant amount compared to the anthropogenic
contribution of 0.2 ug/m3. A summary of lead in inhaled air appears in Table 7-11.

TABLE 7-11. SUMMARY OF INHALED AIR LEAD EXPOSURE

Population

Children (2 year-old)
Adult, working inside
Adult, working outside

Adjusted
air Pb
cone.*
(ug/m3)

0.05
0.05
0.10

Amount
inhaled
(mVday)

10
20
20

Total
lead

exposure
(ug/day)

0.5
1.0
2.0

Natural
Pb

(ug/day)

0.001
0.002
0.004

Direct
atmospheric

Pb
(ug/day)

0.5
1.0
2.0

^Values adjusted for indoor/outdoor ratio of lead concentrations and for daily time spent
outdoors.

Source: Text
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7.3.1.2 Lead in Food. The route by which many people receive the largest portion of their
daily lead intake is through foods. Several studies have reported average dietary lead in-
takes in the range 100 to 500 (jg/day for adults, with individual diets covering a much greater
range (Schroeder and Tipton, 1968; Mahaffey, 1978; Nutrition Foundation, Inc. 1982). Gross
(1981) analyzed results of the extensive lead mass balance experiments described by Kehoe
(1961), which were conducted from 1937 to 1972. • According to these data, total dietary lead
intake decreased from approximately 300 ug/day in 1937 to 100 ug/day in 1970, although there
is considerable variability in the data. Only a fraction of this lead is absorbed, as dis-
cussed in Chapter 10.

The amount of lead typically found in plants and animals is discussed in Section 7.2.2.2.
The sources of this lead are air, soil, and untreated waters (Figure 7-1). Food crops and
livestock contain lead in varying proportions from the atmosphere and natural sources. From
the farm to the dinner table, lead is added to food as it is harvested, transported, pro-
cessed, packaged, and prepared. The sources of this lead are dusts of atmospheric and indus-
trial origin, metals used in grinding, crushing, and sieving, solder used in packaging, and
water used in cooking.

The American diet is extremely complex and variable among individuals. Pennington (1983)
has described the basic diets, suppressing individual variation but identifying 234 typical
food categories, for Americans grouped into eight age/sex groups. These basic diets are the
foundation for the Food and Drug Administration's revised Total Diet Study, often called the
"market basket" study, beginning in April, 1982. The diets used for this document include
food, beverages, and drinking water for 2-year-old children, teen-age males and females, adult
males and females (25-30 years of age), and adult males and females (60 - 65 years of age).
The 201 typical food categories that constitute the basic diets are an aggregation of 3500
categories of food actually consumed by participants in the two surveys that formed the basis
of the Pennington study. Lead concentration data are given for each of these 201 food cate-
gories in Table 7D-1 of Appendix 70 and are from a preliminary report of the 1982 and 1983
Total Diet Study provided by the U.S. Food and Drug Administration for the purpose of this
document.

In 1982, the Nutrition Foundation published an exhaustive study of lead in foods, using
some data from the National Food Processors Assocation and some data from Canadian studies by
Kirkpatrick et al. (1980) and Kirkpatrick and Coffin (1974, 1977). A summary of the available
data for 1973-1980 was prepared in an internal report to the FDA prepared by Beloian and
McDowell (1981). Portions of these reports were used to interpret the contributions of lead
to food during processing.

The following section evaluates the amounts of lead added during each step of the process
from the field to the dinner table. In the best case, reliable data exist for the specific
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situation in question and conclusions are drawn. In some cases, comparable data can be used
with a few reasonable assumptions to formulate acceptable estimates of lead contributions.
For a portion of the diet, there are no acceptable data and the contributions of lead must,
for the time, be listed as of undetermined origin.
7.3.1.2.1 Lead added during handling and transportation to processor. Between the field and
the food processor, lead is added to the food crops. It is assumed that this lead is all of
direct atmospheric origin. Direct atmospheric lead can be lead deposited directly on food
materials by dry deposition, or it can be lead on dust that has collected on other surfaces,
then transferred to foods. For the purposes of this discussion, it is not necessary to distin-
guish between these two forms, as both are a function of air lead concentration.

There are no clear data on how much lead is added during transportation, but some obser-
vations are worth noting. First, some fresh vegetables (e.g., potatoes, lettuce, carrots,
onions) undergo no further processing other than trimming, washing and packaging. If washed,
water without soap is used; no additives or preservatives are used. An estimate of the amount
of atmospheric lead added during handling and transportation of all food crops can be made
from the observed increases in lead on those fresh vegetables where handling and transporta-
tion would be the only source of added lead. Because atmospheric lead deposition is a func-
tion of time, air concentration, and exposed surface area, there is an upper limit to the
maximum amount of direct atmospheric lead that can be added, except by the accumulation of
atmospheric dusts.
7.3.1.2.2 Lead added during preparation for packaging. For some of the canned food items,
data are available on lead concentrations just prior to the filling of cans. In the case
where the food product has not undergone extensive modification (e.g., cooking, added ingre-
dients), the added lead was most likely derived from the atmosphere or from the machinery used
to handle the product. As with transportation, the addition of atmospheric lead is limited to
reasonable amounts that can be added during exposure to air, and reasonable amounts of atmos-
pheric dust accumulation on food processing surfaces. One process that may increase the expo-
iur;5 of the food to air is the use of air in separating food items, as in wheat grains from
chaff,

Where modification of the food product has occurred, the most common ingredients added
are sugar, salt, and water. It is reasonable that water has a lead concentration similar to
drinking water reported in Section 7.3.1.3 (0.008 ug/g) and that sugar (Boyer and Johnson,
1982) and salt have lead concentrations of 0.01 ug/g. Grinding, crushing, chopping, and cook-
ing may add lead from the metallic parts of machinery and from industrial greases. A summary
of the data (Table 7-12) indicates that about 30 percent of the total lead in canned goods is
the result of prepacking processes.
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TABLE 7-12. ADDITION OF LEAD TO FOOD PRODUCTS*
(ug/g fresh weight)

Food

After , After
In the preparation After kitchen
field for packaging packaging preparation
(A) (B) (C) (D)

Total lead
added

after harvest
(E)

Soft Packaged
Wheat 0.037
Field corn 0.022
Potatoes 0.009
Lettuce 0.013
Rice 0.007
Carrots 0.009
Beef 0.01
Pork 0.06

Metal cans

N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A

0.065
0.14
0.018
0.07
0.10
0.05
0.07
0.10

0.025
0.02
0.015
0.084
0.017
0.035
0.06

0.003
0.011
0.002
0.077
0.008
0.025

Sweet corn
Tomatoes
Spinach
Peas
Applesauce
Apricots
Mixed fruit
Plums
Green beans

0.003
0.002
0.045
N/A
N/A
N/A
N/A
N/A
N/A

0.04
0.06
0.43
0.08
0.08
0.07
0.08
0.09
0.16

0.27
0.29
0.68
0.19
0.24
0.17
0.24
0.16
0.32

0.28
--

0.86
0.22
0.17

--
0.20

--
0.16

0.28
--

0.82
0.14
0.09
0.10
0.12
0.07

*This table summarizes the stepwise addition of lead to food products at several stages
between the field and the dinner table. Data in column A are from Wolnik et al. (1983,
1985), columns B and C from National Food Processors Association (1982), and column D from
U.S. FDA (1985). Column E is calculated as column D - column A. Where data are not
available in column A, the values in column B were used. For the most part, column C
values closely approximate column D values, even though they are from separate studies,
suggesting most of the lead in food production is added prior to kitchen preparation.

N/A: data not available.

Occasionally, the processing or preparation of food may separate lead into a single pro-
duct or byproduct. Hayashi et al. (1982) found that lead in milk is isolated during process-
ing from butter and ends up in the buttermilk. Thus lead in butter is typically lower than
and buttermilk higher than normal sweet milk. Smart et al. (1981) have found that foods
cooked in water adsorb the lead in that water. Consequently, when pasta or similar items are
cooked then drained, the lead content of the prepared food is the sum of the dry food and the
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water. Conversely, when only the water is retained, as with tea bags, the final beverage may
have less lead than the original water.
7.3.1.2.3 Lead added during packaging. From the time a product is packaged in bottles, cans
or plastic containers, until it is opened in the kitchen, it may be assumed it receives
atmospheric lead. Most of the lead that is added during this stage comes from the solder used
to seal some types of cans. Estimates by the U.S. PDA, prepared in cooperation with the
National Food Processors Association, suggest that lead in solder contributes more than 66
percent of the lead in canned foods where a lead solder side seam is used. This lead was
thought to represent a contribution of 20 percent to the total lead consumption in foods
(F.R., 1979 August 31).

The full extent of the contribution of the canning process to overall lead levels in
albacore tuna was reported in a benchmark study by Settle and Patterson (1980). Using rigor-
ous clean laboratory procedures, these investigators analysed lead in fresh tuna, as well as
in tuna packaged in soldered and unsoldered cans. The data, presented in Table 7-13, show
that lead concentrations in canned tuna are elevated above levels in fresh tuna by a factor of
4,000, and by a factor of 40,000 above natural levels of lead in tuna. Nearly all of the in-
crease results from leaching of the lead from the soldered seam of the can; tuna from an un-
soldered can is elevated by a factor of only 20 compared with tuna fresh from the sea. Note
that when fresh tuna is dried and pulverized, as in the National Bureau of Standards reference
material, lead levels are seen to increase by a factor of 400 over fresh sea tuna. Table 7-13
also shows the results of analyses conducted by the National Marine Fisheries Service.

TABLE 7-13. PREHISTORIC AND MODERN CONCENTRATIONS IN HUMAN FOOD FROM A MARINE FOOD CHAIN
(ng/g fresh weight)

Sour

Surfar.p

Alb-v or;-'1

A Iba-.ore

Alb*' ore

Am: he • >

Anchovy

Source:

ce

-<eawater

nuscia. fresh

musc'e from die-punched unsoldered can

muscle, lead-soldered can

from albacore stomach

from lead-soldered can

Settle and Patterson (1980).

Estimated
prehistoric

0.0005

0.03

--

--

2.1

--

Modern

0.005

0.3

7.0

1400

21

4200
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7.3.1.2.4 Lead added during kitchen usage and storage. Although there have been several
studies of the lead concentrations in food after typical meal preparation, most of the data
are not amenable to this analysis because there are no data on lead concentrations before meal
preparation. As a part of its compliance program, the U.S. PDA has conducted the Total Diet
Study of lead and other trace contaminants in kitchen-prepared food each year since 1973.
Because the kitchen-prepared items were composited by category, there is no direct link be-
tween a specific food crop and the dinner table. Since April, 1982, this survey has analyzed
each food item individually (Pennington, 1983).

Other studies that reflect contributions of lead added during kitchen preparation have
been conducted. Capar (1978) showed that lead in acidic foods that are stored refrigerated in
open cans can increase by a factor of 2-8 in five days if the cans have a lead-soldered side
seam not protected by an interior lacquer coating. Comparable products in cans with the
lacquer coating or in glass jars showed little or no increase.
7.3.1.2.5 Recent changes in lead in food. As a part of its program to reduce the total lead
intake by children (0-5 years of age) to less than 100 ug/day by 1988, the U.S. PDA estimated
lead intakes for individual children in a large-scale food consumption survey (Beloian and
McDowell, 1981). To convert the survey of total food intakes into lead intake, 23 separate
government and industry studies, covering 1973-78, were statistically analyzed. In spite of
the variability that can occur among individuals grouped by age, the authors estimated a base-
line (1973-78) daily lead intake of 15 ug/day for infants aged 0-5 months, 59 ug/day for
children 6-23 months, and 82 ug/day for children 2-5 years. Between 1973 and 1978, intensive
efforts were made by the food industry to remove sources of lead from infant food items. By
1980, there had been a 47 percent reduction in the lead concentration for food consumed by the
age group 0-5 months and a 7 percent reduction for the "̂ 5-23 month age group (Table 7-14).
Most of this reduction was accomplished by the discontinuation of soldered cans used for in-
fant formula.

The 47 percent reduction in dietary lead achieved for infants prior to 1980 came about
largely because there are relatively few manufacturers of foods for infants and it was compar-
atively simple for this industry to mount a coordinated program in cooperation with the FDA.
There has not yet been a similar decrease in adult foods (Table 7-14) because only a few manu-
facturers have switched to lead-free cans. As the switchover increases, lead in canned food
should decrease to a level as low as 30 percent of the pre-1978 values, and there should be a
corresponding decrease of lead in the total adult diet, perhaps as much as 20 percent. The
use of lead-soldered cans in the canning industry has decreased from 90 percent in 1979 to 63
percent in 1982. Within the next few years, the two leading can manufacturers expect to pro-
duce no more lead-soldered cans for the food industry. A two-year time lag is expected before
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TABLE 7-14. RECENT TRENDS OF MEAN LEAD CONCENTRATIONS
IN CANNED ADULT AND INFANT FOOD ITEMS

(M9/9)

Canned food*
Green beans
Beans w/pork
Peas
Tomatoes
Beets
Tomato juice
Applesauce
Citrus juice

Infant food
Formula concentrate
Juices
Pureed foods
Evaporated milk

Early 70 's

0.32
0.64
0.43
0.71
0.38
0.34
0.32
0.14

0.10
0.30
0.15
0.52

1976-77

N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A

0.055
0.045
0.05
0.10

1980-81

0.32
0.26
0.19
0.29
0.24
0.08
0.04
0.11

0.01
0.015
0.02
0.07

1982

0.16
0.17
0.22
0.21
0.12
0.067
0.17
0.04

N/A
N/A
N/A
N/A

*Boyer and Johnson (1982); 1982 data from U.S. Food and Drug Administration 1985 (see
Appendix 70).
tOata from early 70's and 1976-79 from Jelinek (1982); 1980-81 data from Schaffner (1981),
N/A = data not available.

the last of these cans disappears from the grocery shelf. Some of the 23 smaller manufac-
turers of cans hava announced similar plans over a longer period of time. It is likely that
any expected decrease in the contribution of air lead to foods will be complemented by a de-
crease in lead from soldered cans.
7. J.I. 2.6 Summary of lead in food. There are two major sources of lead in food and bev-
erages: atmospheric lead and lead from cans with lead soldered seams. The data of Wolnik et
ai (1983, 1985) provide some insight into the amount of atmospheric lead on food crops (Table
/-8). The PDA analyses of foods by category (Table 7D-1 in appendix 70) clearly show the in-
fluence of solder on canned foods compared to fresh foods of the same type. The total food
consumption data of Pennington (1983) for 201 adult food categories were multiplied by the
mean lead concentrations from Table 7D-1 to determine the total daily exposure of seven age/
sex categories of Americans to lead in food and beverages.

~o> each food category, a separate source coefficient was assigned for direct atmos-
pher'c, solder and metallic, indirect atmospheric, and natural lead. Any fraction of lead
that could not be otherwise assigned was considered lead of undetermined origin. In this

7-49



manner, the lead content of 201 food categories was determined for five sources. To simplify
the presentation of this data, the 201 food categories have been combined into nine groups
based on the scheme of Table 7D-2 in appendix 7D-2 in appendix 7D. The nine categories were
specifically selected to emphasize the most probable source of lead. Therefore canned foods
were placed in one category to isolate metallic lead, and crop foods in another to isolate
atmospheric lead.

The total consumption for the seven age/sex categories and nine food categories is shown
in Table 7-15, adapted from Pennington (1983). The amount of lead that is consumed with the
food and beverages in Table 7-15 is shown on Table 7-16. This calculation is based solely on
the average lead concentrations of each food item of Table 7D-1, the data provided by PDA. To
determine the source of this lead, the individual source coefficients for each food item were
multiplied by the average lead concentration in Table 7D-1 and by the amount consumed
(Pennington, 1983) to get the amount of lead consumed from each source for each age/sex cate-
gory. An average was taken of each age/sex category then the 201 food items were condensed
into the nine food categories and presented on Table 7-17.

TABLE 7-15. TOTAL CONSUMPTION, BY AGE AND SEX, OF FOOD AND BEVERAGES
(g/day)

Major
food category

Dairy products

Meat products

Food crops

Canned food

Canned juices

Frozen juices

Soda

Canned beer

Watert

Totals

Child*
2 yrs

390

133

282

72

54

65

65

0

441

1502

Female
14-16

405

182

386

77

28

53

232

0

596

1959

Male
yrs

645

269

528

104

30

75

274

17

743

2685

Female
25-30

245

194

390

73

28

66

228

51

903

2178

Male
yrs

351

319

518

103

27

73

315

318

1061

3086

Female
60-65

208

172

437

99

17

72

78

18

1166

2267

Male
yrs

279

252

532

119

12

61

85

116

1244

2700

*7.5 g baby food and infant formula were not included in this evaluation,
tlncludes coffee, tea, and powdered drinks.

Source: Data are summarized from Pennington (1983) according to Table 7D-2.
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TABLE 7-16. TOTAL CONSUMPTION, BY AGE AND SEX, OF LEAD IN MILK AND FOOD AND BEVERAGES
(ug/day)

Major
food category

Dairy products

Meat products

Food crops

Canned food

Canned juices

Frozen juices

Soda

Canned beer

Watert

Totals

Child*
2 yrs

2.8

3.4

5.5

7.3

2.7

0.5

0.7

0.0

2.1

25.0

Female
14-16

3.5

4.8

8.1

8.1

1.4

0.5

2.3

0.0

2.5

31.2

Male
yrs

5.4

7.4

11.7

11.8

1.5

0.7

3.0

0.1

3.2

44.8

Female
25-30

2.5

5.0

7.9

8.8

1.4

0.6

2.1

0.7

3.0

32.0

Male
yrs

3.4

7.4

11.3

12.0

1.4

0.7

2.9

2.5

3.6

45.2

Female
60-65

2.3

4.0

7.8

11.6

0.9

0.7

0.9

0.3

3.9

32.4

Male
yrs

3.1

5.4

9.6

14.4

0.6

0.5

0.9

1.0

4.2

39.7

tlncludes coffee, tea, and powdered drinks.

It is apparent that about 43 percent of lead in food and beverages milk and food can be
attributed to direct atmospheric deposition, compared to 42 percent from solder or other metal
sources. Of the remaining 5 percent for which the source is as yet undetermined, it is likely
that further research will show this lead to be part atmospheric in origin and part from
solder and other industrial metals.

This dietary lead consumption is used to calculate the total baseline human exposure in
Section 7.3.1.5 and is the largest baseline source1" of lead. Possible additions to dietary
lead consumption are discussed in Section 7.3.2.1.3 with respect to urban gardens,

Because the U.S. FDA is actively pursuing programs to decrease lead in adult foods, it is
probable that there will be a decrease in total dietary lead consumption over the next decade
independent of projected decreases in atmospheric lead concentration. With both sources of
lead minimized, the lowest reasonable estimated dietary lead consumption would be 10-15 ug/day
for adults and children. This estimate is based on the assumption that about 90 percent of
the direct atmospheric lead, solder lead, and lead of undetermined origin would be removed
from the diet, leaving 8 ug/day from these sources and 3 ug/day of natural and indirect atmos-
pheric lead.
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TABLE 7-17. SUMMARY BY SOURCE OF LEAD CONSUMED FROM FOOD AND BEVERAGES
(ug/day)

Major
food category

Dairy

Meat

Food crops

Canned foods

Canned juices

Frozen Juices

Soda

Canned Beer

Water

Total

Percent

Total
lead*

3.3

5.3

8.8

10.6

1.4

0.6

1.8

0.7

3.2

35.7

Natural
lead

0.030

0.040

0.880

0.120

0.001

0.001

0.005

0.001

0.010

1.088

3.0%

Atmospheric lead
indirect

0.030

0.040

0.880

0.120

0.062

0.110

0.280

0.140

0.850

2.512

7.0%

direct

2.74

4.11

6.60

0.92

0.04

0.07

0.21

0.05

0.54

15.28

42.8%

Lead from
solder and

other metals

0.00

0.41

0.00

9.40

1.30

0.42

1.30

0.51

1.80

15.14

42.4%

Lead of
undetermined

origin

0.50

0.70

0.44

0.04

0.00

0.00

0.00

0.00

0.00

1.68

4.7%

*Based on average lead consumption by 7 age/sex groups. There may be some direct
atmospheric lead and solder lead in the category of undetermined origin.

7.3.1.3 Lead in Drinking Water. The U.S. Public Health Service standards specify that lead
levels in drinking water should not exceed 50 ug/1. The presence of detectable amounts of
lead in untreated public water supplies was shown by Durum et al. (1971) to be widespread, but
only a few samples contained amounts above the 50 ug/1 standard.

The major source of lead contamination in drinking water is the water distribution
system. Water that is corrosive can leach considerable amounts of lead from lead plumbing and
lead compounds used to join pipes. Moore (1977) demonstrated the effect of water standing in
pipes overnight. Lead concentrations dropped significantly with flushing at 10 1/min for five
minutes (Figure 7-8). Lead pipe currently is in use in some parts of New England for water
service lines and interior plumbing, particularly in older urban areas. The contributions of
lead plumbing to potential human exposure are considered additive rather than baseline and are
discussed in Section 7.3.2.1.4.
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Rgure 7-8. Change in drinking water lead concentration in a house
with lead plumbing for the first use of water in the morning.
Rushing rate was 10 liters/minute.

Source: Moore (1977).
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There have been several studies in North America and Europe of the sources of lead in
drinking water. A recent study in Seattle, WA by Sharrett et al. (1982) showed that the age
of the house and the type of plumbing determined the lead concentration in tap water. Stand-
ing water in copper pipes from houses newer than five years averaged 31 ug/1; those less than
18 months average about 70 ug/1. Houses older than five years and houses with galvanized pipe
averaged less than 6 ug/1. The source of the water supply, the length of the pipe, and the
use of plastic pipes in the service line had little or no effect on the lead concentrations.
It appears certain that the source of lead in new homes with copper pipes is the solder used
to join these pipes, and that this lead is either leached away with age or isolated by accumu-
lated deposits within the pipes. A study of copper pipes in cottages using local lakes for a
water source revealed a similar pattern of lead with increased standing time in the pipes
(Meranger et al. , 1983). The lead concentration in the first liter drawn continued to in-
crease with standing time, even up to ten days.

The Sharrett et al. (1982) study of the Seattle population also provided data on water
and beverage consumption which extended the scope of the Pennington (1983) study of all Ameri-
cans. While the total amount of liquids consumed was slightly higher in Seattle (2200 g/day
vs. 1800 g/day for all Americans), the breakdown between water consumed inside and outside the
home can prove useful. Men, women, and children consume 53, 87, and 87 percent, respectively,
of their water and beverages within the home.

Bailey and Russell (1981) have developed a model for population exposure to lead in home
drinking water. The model incorporates data for lead concentration as a function of stagna-
tion time in the pipes, as well as probability distributions for times of water use throughout
the day. Population surveys conducted as part of the United Kingdom Regional Heart Survey
provided these water-use distributions. "*

Other studies have been conducted in Canada and Belgium. Lead levels in water boiled in
electric kettles were measured in 574 households in Ottawa (Wigle and Charlebois, 1978). Con-
centrations greater than 50 ug/1 were observed in 42.5 percent of the households, and exces-
sive lead levels were associated with kettles more than five years old.
7.3.1.4 Lead in Dusts. By technical definition, dusts are solid particles produced by the
disintegration of materials (Friedlander, 1977) and appear to have no size limitations. Al-
though dusts are of complex origin, they may be placed conveniently into a few categories re-
lating to human exposure. Generally, the most convenient categories are household dusts, soil
dust, street dusts, and occupational dusts. In each case, the lead in dust arises from a com-
plex mixture of fine particles of soil, flaked paint, and airborne particles of industrial or
automotive origin. It is a characteristic of dust particles that they accumulate on exposed
.surfaces and are trapped in the fibers of clothing and carpets. Ingestion of dust particles,
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rather than inhalation, appears to be the greater problem in the baseline environment, espe-
cially ingestion during meals and playtime activity by small children.

Two other features of dust are important. First, they must be described in both concen-
tration and amount. The concentration of lead in street dust may be the same in a rural and
urban environment, but the amount of dust may differ by a wide margin. Secondly, each cate-
gory represents a different combination of sources. Household dusts contain some atmospheric
lead, some paint lead, and some soil lead. Street dusts contain atmospheric, soil, and occa-
sionally paint lead. This apparent paradox does not prevent the evaluation of exposures to
dust, but it does confound efforts to identify the amounts of atmospheric lead contributed to
dusts. For the baseline human exposure, it is assumed that workers are not exposed to occupa-
tional dusts, nor do they live in houses with interior leaded paints. Street dust, soil dust,
and some household dust are the primary dust sources for baseline potential human lead expo-
sure.

In considering the impact of street dust on the human environment, the obvious question
arises as to whether lead in street dust varies with traffic density. In a transect through
Minneapolis/St. Paul, Mielke etal. (1984) found soil lead concentrations 10 to 1000-fold
higher near major interstate highways. Nriagu (1978) reviewed several studies of lead in
street dust. Warren et al. (1971) reported 20,000 ug Pb/g street dust in a heavily trafficked
area. In the review by Nriagu (1978), street dust lead concentrations ranged from 300 to
18,000 pg/g in several cities in the United States. More recent studies have attempted to
characterize lead in street dust in greater detail. Franz and Hadley (1981) separated street
dust by particle size and found that smaller particles contain greater concentrations of lead.
One-third of the mass was less than 150 urn and contained 37 percent of the total lead. The
average concentration in the Albuquerque street dust was 5000 ug/g, 20 percent of which was
attributed to curb paint. Dong et al. (1984) separated street dusts by mechanical sieve and
found, with one exception, 50 percent or more of the lead on clay-sized particles, the small-
est fraction both in particle size and in total mass (5-6 percent). There was, however, con-
siderable variation in the absolute concentrations of lead in the samples from the same loca-
tion taken four days apart.

There are several reports of street dusts outside the United States that show similar
relationships. Fergusson and Ryan (1984) found concentrations in small urban cities in
Canada, New Zealand and Jamaica ranged from 700 to 2000 ug/g, while in New York and London the
range was. from 2000 to 4000 ug/g. Sequential extractions showed much of the lead (44 percent)
was on the Fe-Mn oxide fraction, but that 36 percent was on the exchangeable and carbonate
fractions that are more readily available. Gibson and Farmer (1984) also found 41 percent of
the street dust lead in Glascow, Scotland to be on the exchangeable and carbonate fractions.
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Duggan (1984) attempted to relate London street dust lead to airborne lead concentrations
and found that airborne variations with time were greater than for dust, but spatial varia-
tions were greater for dust. The results suggested that dust may be an adequate measure of
long-term (three month) ambient concentrations, but that several samples over a wide area must
be taken. In a related study, Thornton et al. (1985) recommended the adoption of guidelines
for urban dust lead concentrations to the Greater London Council. The recommendation was that
lead concentrations of 500 ug/g in the fraction smaller than 0.5 mm justified further investi-
gation, whereas concentrations above 5000 ug/g justified control measures. Duggan et al.
(1985) reported that the amount of lead on children's hands was proportional to the concentra-
tion of lead in playground dust. This relationship was nearly linear up to 4000 ug Pb/g dust.

In Hong Kong, lead in street dust ranged from 960 to 7400 ug/g with no direct relation-
ship to traffic volume (Ho, 1979). In other reports from Hong Kong, Lau and Wong (1982) found
values from 130 ug/g at 20 vehicles/day to 3900 M9/9 at 37,000 vehicles/day. Fourteen sites
in this study showed close correlation with traffic density.

In the United Kingdom, lead in urban and rural street dusts was determined to be 970 and
85 ug/9, respectively, by Day et al. (1975). A later report by this group (Day et al., 1979)
discusses the persistency of lead dusts in rainwashed areas of the United Kingdom and New
Zealand and the potential health hazard due to ingestion by children. They concluded that,
whereas the acidity of rain was insufficient to dissolve and transport lead particles, the
potential health hazard lies with the ingestion of these particles during the normal play
activities of children residing near these areas. A child playing at a playground near a
roadside might consume 20-200 ug lead while eating a single piece of candy with unwashed
hands. It appears that in nonurban environments, lead in street dust ranges from 80 to 130
(jg/g, whereas urban street dusts range from 1,000 to 20,000 ug/g. For the purpose of esti-
mating potential human exposure, an average lead value of 90 M9/9 in street dust is assumed
for baseline exposure on Table 7-18, and 1500 ug/g in the discussions of urban environments in

•

Section 7.3.2.1.
Dust is also a normal component of the home environment. It accumulates on all exposed

surfaces, especially furniture, rugs and windowsills. For reasons of hygiene and respiratory
health, many homemakers take great care to remove this dust from the household. Because there
are at least two circumstances where these measures are inadequate, it is important to con-
sider the possible concentration of lead in these dusts in order to determine potential expo-
sure to young children. First, some households do not practice regular dust removal, and
secondly, in some households of workers exposed occupationally to lead dusts, the worker may
carry dust home in amounts too small for efficient removal but containing lead concentrations
much higher than normal baseline values.

7-56



TABLE 7-18. CURRENT BASELINE ESTIMATES OF POTENTIAL HUMAN EXPOSURE TO OUSTS

Child
Household dusts
Street dust
Occupational dust

Total
Percent

Adult
Household dusts
Street dust
Occupational dust

Total
Percent

Oust
lead
cone.
(M9/g)

300
90
150

300
90
150

Oust
ingested
(g/day)

0.05
0.04
0.01

0.10

0.01
0.0
0.01

0.02

Oust
lead

consumed
(ug/day)

15
4.5
1.5

21.0
100%

3
0
1.5

4.5
100%

Natural
(ug/day)

0.5
0.0
0.1

0.6
2.8%

0.1
0.0
0.1

0.2
4.5%

Source of
Atmos.
(ug/day)

14.5
4.5
0.0

19.0
90.5%

2.9
0.0
0.0

2.9
64.4%

lead
Undetermined

(ug/day)

0.0
0.0
1.4

1.4
6.7%

0.0
0.0
1.4

1.4
31.1%

In Omaha, Nebraska, Angle and Mclntire (1979) found that lead in household dust ranged
from 18 to 5600 M9/9- Clark et al. (1985) found household dusts in Cincinnati ranged from 70
to 16000 ug/g, but that much of the variations could be attributed to housing quality. Public
housing averaged 350 M9/9. rehabilitated 600 ug/g, and averages in private housing ranged from
1400 to 3000 based on external estimates of condition from satisfactory to deteriorating to
dilapidated. In Lancaster, England, a region of low industrial lead emissions, Harrison
(1979) found that household dust ranged from 510 to 970 M9/9. with a mean of 720 M9/9- They
observed that dust contained soil particles (10-200 urn in diameter), carpet and clothing
fibers, animal and human hairs, food particles, and an occasional chip of paint. The previous
Lead Criteria Document (U.S. Environmental Protection Agency, 1977) summarized earlier reports
of lead in household dust showing residential suburban areas ranging from 280 to 1,500 ug/g,
urban residential from 600 to 2,000 ug/g, and urban industrial from 900 to 16,000 ug/g.
Srunekreef (1983) summarized studies of simultaneous measurements of air lead, soil lead, and
household dust lead. With some exceptions, the household dust lead concentrations ranged from
400 to 700 pg/g per 1 ug/m3 of lead in air. The relationship between household dust and soil
dust was much broader. Because of the diverse nature of the studies, care should be taken in
extrapolating these observations to more general circumstances. In El Paso, Texas, lead in
household dust ranged from 2,800 to 100,000 ug/g within 2 km of a smelter (Landrigan et al.
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1975). Davies et al. (1985) found a correlation between soil dust and household dust in an
old lead mining area of North Wales, Great Britain, where a tenfold increase in soil lead was
associated with a twofold increase in household dust lead.

It appears that most of the values for lead in dust in nonurban household environments
fall in the range of 50-500 ug/g. A mean value of 300 M9/9 is assumed. The only natural lead
in dust would be some fraction of that derived from soil lead. A value of 10 ug/g seems
reasonable, since some of the soil lead is of atmospheric origin. Since very little paint
lead is included in the baseline estimate, most of the remaining dust lead would be from the
atmosphere. Table 7-18 summarizes these estimates of human exposure to dusts for children and
adults. It assumes that children ingest about five times as much dust as adults, most of the
excess being street dusts from sidewalks and playgrounds. Exposure of children to occupa-
tional lead would be through contaminated clothing brought home by parents. Most of this lead
is of undetermined origin because no data exist on whether the source is dust similar to
household dust or unusual dust from the grinding and milling activities of factories.
7.3.1.5 Summary of Baseline Human Exposure to Lead. The values derived or assumed in the
proceeding sections are summarized in Table 7-19. These values represent only consumption,
not absorption, of lead by the human body. The key question of what are the risks to human
health from these baseline exposures is addressed in Chapter 13. The approach used here to
evaluate potential human exposure is similar to that used by the National Academy of Sciences
(1980) and the Nutrition Foundation (1982) in their assessments of the impact of lead in the
human environment.

7.3.2 Additive Exposure Factors
There are many conditions, even in nonurban environments, where an individual may in-

crease his lead exposure by choice, habit, or unavoidable circumstance. The following sec-
tions describe these conditions as separate exposures to be added as appropriate to the base-
line of human exposure described above. Most of these additive exposures clearly derive from
air or dust, while a few derive from water or food.
7.3.2.1 Living and Working Environments With Increased Lead Exposure. Ambient air lead con-
centrations are typically higher in an urban than a rural environment. This factor alone can
contribute significantly to the potential lead exposure of Americans, through increases in
inhaled air and consumed dust. Produce from urban gardens may also increase the daily con-
sumption of lead. Some environmental exposures may not be related only to urban living, such
as houses with interior lead paint or lead plumbing, residences near smelters or refineries,
or family gardens grown on high-lead soils. Occupational exposures may also occur in an urban
or rural setting. These exposures, whether primarily in the occupational environment or
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TABLE 7-19 SUMMARY OF BASELINE HUMAN EXPOSURES TO LEAD
tpg/day)

Soil

Source

Child-2 yr old
Inhaled air
Food, Water &
beverages

Dust

Total
Percent

Adult female
Inhaled air
Food, Water &
beverages

Dust

Total
Percent

Adult male
Inhaled air
Food, Water &
beverages

Dust

Total
Percent

Total
lead

consumed

0.5

25. i
21.0

46.6
100%

1.0

32.0
4.5

37.5
100%

1.0

45.2
4.5

50.7
100%

Natural
lead

consumed

0.001

0.71
0.6

1.3
2.8%

0.002

0.91
0.2

1.2
3.1%

0.002

1.42
0.2

1.6
3.1%

Indirect
atmospheric

lead*

-

1.7
-

1.7
3.5%

-

2.4
-

2.5
6.6%

-

3.5
-

3.5
6.8%

Direct
atmospheric

lead*

0.5

10.3
19.0

29.8
64.0%

1.0

12.6
2.9

17.4
46.5%

1.0

19.3
2.9

23.2
45.8%

Lead from
solder or

other metals

-

11.2
-

11.2
24.0%

-

8.2
-

13.5
36.1*

-

18.9
-

18.9
37.2%

Lead of
undetermined

origin

-

1.2
1.4

2.6
5.6%

-

1.5
1.4

2.9
7.8%

-

2.2
1.4

3.6
7.0%

——————————— — — —• • , .

*Indirect atmospheric lead has been previously incorporated into soil, and will probably remain in the
soil for decades or longer. Direct atmospheric lead has been deposited on the surfaces of vegetation
and living areas or incorporated during food processing prior to human consumption.

Source: This report.



secondarily in the home of the worker, would be additive with other exposures in an urban
location or with special cases of lead-based paint or plumbing.
7.3.2.1.1 Urban atmospheres. Urban atmospheres have more airborne lead than do nonurban
atmospheres, therefore there are increased amounts of lead in urban household and street dust.
Typical urban atmospheres contain 0.5-1.0 ug Pb/m3. Other variables are the amount of indoor
filtered air breathed by urban residents, the amount of time spent indoors, and the amount of
time spent on freeways. Reported means of urban dusts range from 500 to 3000 ug Pb/g. It is
not known whether there is more or less dust in urban households and playgrounds than in rural
environments. Whereas people may breathe the same amount of air, or eat and drink the same
amount of food and water, it is not certain that urban residents consume the same amount of
dust as nonurban. Nevertheless, in the absence of more reliable data, it has been assumed
that urban and nonurban residents consume the same amount of dusts.

The indoor/outdoor ratio of atmospheric lead for urban environments is about 0.8 (Table
7-6). Assuming 2 hours of exposure/day outdoors at a lead concentration of 0.75 ug/m3, 20
hours indoors at 0.6 ug/m3, and 2 hours in a high traffic density area at 5 ug/m3, a weighted
mean air exposure of 1.0 ug/m3 appears to be typical of urban residents.
7.3.2.1.2 Houses with interior lead paint. In 1974, the Consumer Product Safety Commission
collected household paint samples and analyzed them for lead content (National Academy of
Sciences; National Research Council, 1976). Analysis of 489 samples showed that 8 percent of
the oil-based paints and 1 percent of the water-based paints contained greater than 0.5 per-
cent lead (5000 ug Pb/g paint, based on dried solids), which was the statutory limit at the
time of the study. The current statutory limit for Federal construction is 0.06 percent. The
greatest amounts of leaded paint are typically found in the kitchens, bathrooms, and bedrooms
(Tyler, 1970; Laurer et al., 1973; Gilbert et al., 1979). *

Some investigators have shown that flaking paint can cause elevated lead concentrations
in nearby soil. For example, Hardy et al. (1971) measured soil lead levels of 2000 ug/g next
to a barn in rural Massachusetts. A steady decrease in lead level with increasing distance
from the barn was shown, reaching 60 ug/g at fifty feet from the barn. Ter Haar and Aronow
(1974) reported elevated soil lead levels in Detroit near eighteen old wood frame houses
painted with lead-based paint. The average soil lead level within two feet of a house was
just over 2000 ug/g; the average concentration at ten feet was slightly more than 400 ug/g.
The same authors reported smaller soil lead elevations in the vicinity of eighteen brick
veneer houses in Detroit. Soil lead levels near painted barns located in rural areas were
similar to urban soil lead concentrations near painted houses, suggesting the importance of
leaded paint at both urban and rural locations. The baseline lead concentration for household

.dust of 300 ug/g was increased to 2000 ug/g for houses with interior lead-based paints. The
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additional 1700 M9/9 would add 85 ug Pb/day to the potential exposure of a child (Table 7-20).
This increase would occur in an urban or 4ionurban environment and would be in addition to the
urban residential increase if the lead-based painted house were in an urban environment.
7.3.2.1.3 Family gardens. Several studies have shown potentially higher lead exposure
through the consumption of home-grown produce from family gardens grown on high lead soi'Ts r or
near sources of atmospheric lead. Mielke et al. (1983) surveyed thr lead content of urban
garden soils in Baltimore, finding concentrations ranging from 1 to 10,900, with a median of
100 ug/g. The soil sample was a mixture through 20-30 cm of the soil profile. The values
greater than 100 ug/g were concentrated near the center of the city, Kneip (1978) found ele-
vated levels of lead in leafy vegetables, root crops, and garden fruits associated qualita-
tively with traffic density and soil lead. Spittler and Feder (1978) reported a linear corre-
lation between soil lead (100-1650 ug/g) and lead in or on leafy or root vegetables. Freer et
al. (1980) found a threefold increase in lead concentrations of leafy vegetables (from 6 to 16
ug/g) in the soil lead range from 150 to 2200 ug/'g, Chaney et al. (1984) have reviewed the
recent studies on lead in urban gardens. In none of these studies were the lowest soil lead
concentrations in the normal range of 10-25 ug/g, nor were any lead concentrations reported
for vegetables as low as those of Wolnik et al. (1983, 1985) (see Table 7-8).

In family gardens, lead may reach the edible portions of vegetables by deposition of at-
mospheric lead directly on aboveground plant parts or on soil, or by the flaking of lead-
containing paint chips from houses. Traffic density and distance from the road are not good
predictors of soil or vegetable lead concentrations (Preer et al., 1980). Air concentrations
and particle size distributions are the important determinants of deposition on soil or vege-
tation surfaces. Even at relatively high air concentrations (1.5ug/m3) and deposition velo-
city (0.5 cm/sec) (see Section 6.4.1), it is unlikely that surface deposition alone can
account for more than 2-5 pg/g Tead on the surface of lettuce during a 21-day growing period.
It appears that a significant fraction of the lead in both leafy and root vegetables derives
from the soi 1 .

Using the same air concentration and deposition velocity values, a maximum of 1000 ug
lead has been added to each cm2 of the surface of the soil over the past 40 years. With cul-
tivation to a depth of 15 cm, it is not likely that atmospheric lead alone can account for
more than a few hundred ug/g of soil in urban gardens. Urban soils with lead concentrations
of 500 M9/9 °r mort' must certainly have another source of lead. In the absence of a nearby
(<5 k/n) stationary industrial source, paint chips seem the "most likely explanation. Even if
the house nc longe*' stands at the site, the lead from paint chips may still be present in the

Studies of family gardens do not agree on the concentrations of lead in produce. At the
higher soiTconcentrations, Kneip (1978) reported 0.2-1 ug/g in vegetables, Spittler and Feder
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TABLE 7-20. SUMMARY OF POTENTIAL ADDITIVE EXPOSURES TO LEAD
(ug/day)

Exposure

Total
lead

consumed

Atmospheric
lead

consumed

Other
lead

sources

Baseline exposure:
Child
Inhaled air
Food, water & beverages
Dust

Total baseline

Baseline exposure:
Adult male

Inhaled air
Food, water & beverages
Dust

Total baseline

0.5
25.1
21.0

46.6

60.2

0.5
10.3
19.0

29.8

1.0
20.3
2.9

24.2

16.8

Additional exposure due to:
Urban atmospheres1
Family gardens2
Interior lead paint3
Residence near smelter4
Secondary occupational5

91
48
110
880
150

91
12

880

36
110

36.0

Additional exposure due to:
Urban atmospheres1
Family gardens2
Interior lead paint3
Residence near smelter4
Occupational6
Secondary occupational5
Smoking7
Wine consumption8

28
120
17
100
1100
44
30
100

28
30

100
1100

27
7

17

Includes lead from household (1000 ug/g) and street dust (1500 ug/g) and inhaled air
(0.75 ug/m3).

2Assumes soil lead concentration of 2000 ug/g; all fresh leafy and root vegetables, and sweet
corn of Table 7-12 replaced by produce from garden. Also assumes 25% of soil lead is of
atmospheric origin.

3Assumes household dust rises from 300 to 2000 ug/g. Dust consumption remains the same
as baseline.

4Assumes household and street dust increase to 10,000 ug/g.
5Assumes household dust increases to 2400 M9/9-
6Assumes 8-hr shift at 10 ug Pb/m3 or 90% efficiency of respirators at 100 ug Pb/m3, and
occupational dusts at 100,000 ug/m3.

70ne and a half packs per day.
8Assumes unusually high consumption of one liter per day.
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(1978) reported 0.8-4.5 ug/g, and Freer et al. (1980) found 0.1-0.8 ug/g (all values converted
to fresh weight). Since the Spittler and Feder (1978) and Preer et al. (1980) studies dealt
with soils of about 2000 ug/g, these data can be used to calculate a worst case exposure of
lead from family gardens. Assuming 0.8 ug/g for the leafy and root vegetables [compared to
0.01-0.05 ug/g of the Wolnik et al. (1983, 1985) study] family gardens could add 100 Mi/day if
the 137 g of leafy and root vegetables, sweet corn and potatoes consumed by adult males
(Table 7D-1) were replaced by family garden products. Comparable values for children and
adult females would be 40 and 80 ug/day, respectively. No conclusive data are available for
vine vegetables, but the ranges of 0.8 to 0.1 ug/g for tomatoes suggest that the contamination
by lead from soil is much less for vine vegetables than for leafy or root vegetables. Chaney
et al. (1984) recommended that special precautions (extra washing and peeling) be taken with
produce from urban gardens with soil lead from 500 to 1000 ug/g. They also recommended that
leafy and root vegetables not be grown in gardens over 3000 ug/g.
7.3.2 1.4 Houses with lead plumbing. The Glasgow Duplicate Diet Study (United Kingdom De-
partment of the Environment, 1982) reports that children approximately 13 weeks old living in
houses with lead plumbing consume 6-480 ug Pb/day. Concentrations of lead in water ranged
from less than 50 to over 500 ^9/1 for the 131 homes studied. Those children and mothers
living in the homes containing high water-lead concentrations generally had greater total lead
consumption and higher blood lead levels, according to the study. Breast-fed infants were
exposed to much less lead than bottle-fed infants. Because the project was designed to inves-
tigate child and maternal blood lead levels over a wide range of water lead concentrations,
the individuals studied do not represent a typical cross-section of the population. However,
results of the study suggest that infants living in homes with lead plumbing may have exposure
to considerable amounts of lead. This conclusion was also demonstrated by Sherlock et al.
(198?) in a duplicate diet study in Ayr, Scotland.
7.3 '-!.!.5 Residences near smelters and refineries. Air lead concentrations within 2 km of
lead smelters and refineries average 5-15 ug/m3. Assuming the same indoor/outdoor ratio of
atmospheric lead for nonurban residents (0.5), residents near smelters would be exposed to in-
halec iir lead concentrations of about 6 ug/m3, compared to 0.05 ug/m3 for the background
levels Household dust concentrations at El Paso, TX range from 3000 to 100,000 ug/g in 1982
(Landrigan et al., 1975). Morse et al. (1979) found that, with this installation of engi-
neer1' ng improvement and pollution control, the dust lead was reduced to 1500-2000 by 1977. A
vakit- of 10,000 ug/g is assumed for household dust near a smelter. Between inhaled air and
dust a child in this circumstance would be exposed to 900 ug Pb/day above background levels.
Exposures for adults would be much less, since they consume only 20 percent of the dusts
children consume.
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7.3.2.1.6 Occupational exposures. The highest and most prolonged exposures to lead are found
among workers in the lead smelting, refining, and manufacturing industries (World Health
Organization, 1977). In all work areas, the major route of lead exposure is by inhalation and
ingestion of lead-bearing dusts and fumes. Airborne dusts settle out of the air onto food,
water, the workers' clothing, and other objects, and may be transferred subsequently to the
mouth. Therefore, good housekeeping and good ventilation have a major impact on exposure. It
has been found that concentrations might be quite high in one factory and low in another
solely because of differences in ventilation, or differences in custodial practices and worker
education. The estimate of additional exposure in Table 7-20 is for an 8-hour shift at 100 ug
Pb/m3. Occupational exposure under these conditions is primarily determined by occupational
dust consumed. Even tiny amounts (e.g., 10 mg) of dust containing 100,000 ug Pb/g dust can
account for 1,000 ug/day exposure.

7.3.2.1.6.1 Lead mining, smelting, and refining. Roy (1977) studied exposures during
mining and grinding of lead sulfide at a mill in the Missouri lead belt. Primary smelting
operations were 4 km from the mill, hence the influence of the smelter was believed to be
negligible. The total airborne lead levels were much greater than the concentrations of
respirable lead, indicating a predominance of coarse material.

The greatest potential for high-level exposure exists in the process of lead smelting and
refining (World Health Organization, 1977). The most hazardous operations are those in which
molten lead and lead alloys are brought to high temperatures, resulting in the vaporization of
lead. This is because condensed lead vapor or fume has, to a substantial degree, a small
(respirable) particle size range. Although the total air lead concentration may be greater in
the vicinity of ore-proportioning bins than it is in the vicinity of a blast furnace in a
smelter, the amount of particle mass in the respirable size range may be much greater near the
furnace.

A measure of the potential lead exposure in smelters was obtained in a study of three
typical installations in Utah (World Health Organization, 1977). Air lead concentrations near
all major operations, as determined using personal monitors worn by workers, were found to
vary from about 100 to more than 4000 ug/m3. Obviously, the hazard to these workers would be
extremely serious if it were not for the fact that the use of respirators is mandatory in
these particular smelters. Maximum airborne lead concentrations of about 300 ug/m3 were mea-
sured in a primary lead-zinc smelter in the United Kingdom (King et al., 1979). These authors
found poor correlations between airborne lead and blood lead in the smelter workers, and con-
cluded that a program designed to protect these workers should focus on monitoring of biologi-
cal parameters rather than environmental concentrations.

Spivey et al. (1979) studied a secondary smelter in southern California that recovers
lead mainly from automotive storage batteries. Airborne lead concentrations of 10-4800 ug/m3
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were measured. The project also involved measurement of biological parameters as well as a
survey of symptoms commonly associated with lead exposure; a poor correlation was found
between indices of lead absorption and symptom reporting. The authors suggested that such
factors as educational level, knowledge of possible symptoms, and biological susceptibility
may be important factors in influencing symptom reporting. In a second article covering this
same study, Brown et al. (1980) reported that smokers working at a smelter had greater blood
lead concentrations than nonsmokers. Furthermore, smokers who brought their cigarettes into
the workplace had greater blood lead concentrations than those who left their cigarettes else-
where. It was concluded that direct environmental contamination of the cigarettes by lead-
containing dust - se a major exposure pathway for these individuals (See Section 7.3.2.3.1).

Secondary alters in Memphis, Tennessee and Salt Lake City, Utah were studied by
Baker et al. (lj ., The Memphis plant extracted lead principally from automotive batteries,
producing 11,500 metric tons of lead in the eleven months preceding the measurements. The
Salt Lake City plant used scrap to recover 258 metric tons of lead in the six months preceding
the measurements. Airborne concentrations of lead in the Tennessee study exceeded 200 ug/m3

in some instances, with personal air sampler data ranging from 120 ug/m3 for a battery wrecker
to 350 ug/m3 for two yard workers. At the Utah plant, airborne lead levels in the office,
lunchroom, and furnace room (furnace not operating) were 60, 90, and 100 ug/m3, respectively.
When charging the furnace, this value increased to 2650 ug/m3. Personal samplers yielded con-
centrations of 17 pg/m3 for an office worker, 700 ug/m3 for two welders, and 2660 ug/m3 f°r

two furnace workers. Some workers in both plants showed clinical manifestations of lead poi-
soning; a significant correlation was found between blood lead concentrations and symptom
reporting.

High levels of atmospheric lead are also reported in foundries in which molten lead is
alloyed with other metals. Berg and Zenz (1967) found in one such operation that average con-
centrations of lead in various work areas were 280 to 600 ug/m3. These levels were subse-
quently reduced to 30 to 40 ug/m3 with the installation of forced ventilation systems to ex-
haust the work area atmosphere to the outside.

7.3.2.1.6.2 Welding and cutting of metals containing lead. When metals that contain
lead or are protected with a lead-containing coating are heated in the process of welding or
cutting, copious quantities of lead in the respirable size range may be emitted. Under condi-
tions of poor ventilation, electric arc welding of zinc silicate-coated steel (containing 4.5
mg Pb/cm2 of coating) produced breathing-zone concentrations of lead reaching 15,000 ug/m3,
far in excess of 450 ug/m3, which is the current occupational short-term exposure limit (STEL)
in the United States (Pegues, 1960). Under good ventilation conditions, a concentration of
140 ug/m3 was measured (Tabershaw et al., 1943).
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monitoring, rather than airborne lead monitoring, is a more reliable indicator of potential
exposure problems.

7.3.2.1.6.6 Other occupations. In the rubber products industry and the plastics
industry there are potentially high exposures to lead. The potential hazard of the use of
lead stearate as a stabilizer in the manufacture of polyvinyl chloride was noted in the 1971
Annual Report of the British Chief Inspector of Factories (United Kingdom Department of
Employment, Chief Inspector of Factories 1972). The inspector stated that the number of
reported cases of lead poisoning in the plastics industry was second only to that in the lead
smelting industry. Scarlato et al. (1969) reported other individual cases of exposure. The
source of this problem is the dust that is generated when the lead stearate is milled and
mixed with the polyvinyl chloride and the plasticizer. An encapsulated stabilizer which
greatly reduces the occupational hazard is reported by Fischbein et al. (1982).

Sakurai et al. (1974), in a study of bioindicators of lead exposure, found ambient air
concentrations averaging 58 ug/m3 in the lead-covering department of a rubber hose manufactu-
ring plant. Unfortunately, no ambient air measurements were taken for other departments or
the control group.

The manufacture of cans with leaded seams may expose workers to elevated ambient lead
levels. Bishop (1980) reports airborne lead concentrations of 25-800 ug/m3 in several can
manufacturing plants in the United Kingdom. Between 23 and 54 percent of the airborne lead
was associated with respirable particles, based on cyclone sampler data.

Firing ranges may be characterized by high airborne lead concentrations, hence instruc-
tors who spend considerable amounts of time in such areas may be exposed to lead. For exam-
ple, Smith (1976) reports airborne lead concentrations of 30-160 ug/m3 at a firing range in
the United Kingdom. Anderson et al. (1977) discuss lead"* poisoning in a 17 year old male
employee of a New York City firing range, where airborne lead concentrations as great as 1000
ug/m3 were measured during sweeping operations. Another report from the same research group
presents time-weighted average exposures of instructors of 45-900 ug/m3 in three New York City
firing ranges (Fischbein et al., 1979).

Removal of leaded paint from walls and other surfaces in old houses may pose a health
hazard. Feldman (1978) reports an airborne lead concentration of 510 ug/m3, after 22 minutes
of sanding an outdoor post coated with paint containing 2.5 mg Pb/cm2. After only five min-
utes of sanding an indoor window sill containing 0.8-0.9 mg Pb/cm2, the air contained 550
ug/m3. Homeowners who attempt to remove leaded paint themselves may be at risk of excessive
lead exposure. Garage mechanics may be exposed to excessive lead concentrations. Clausen and
Rastogi (1977) report airborne lead levels of 0.2-35.5 ug/m3 in ten garages in Denmark; the
•greatest concentration was measured in a paint workshop. Used motor oils were found to
contain 1500-3500 ug Pb/g, while one brand of unused gear oil contained 9280 ug Pb/g. The
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In a study of salvage workers using oxyacetylene cutting torches on lead-painted struc-
tural steel under conditions of good ventilation, breathing-zone concentrations of lead aver-
aged 1200 ug/m3 and ranged as high as 2400 ug/m3 (Rieke, 1969). Lead poisoning in workers
dismantling a painted bridge has been reported by Graben et al. (1978). Fischbein et al.
(1978) discuss the exposure of workers dismantling an elevated subway line in New York City,
where the lead content of the paint was as great as 40 percent. The authors report that one
m3 of air can contain 0.05 g lead at the source of emission. Similarly, Grandjean and Kon
(1981) report elevated lead exposures of welders and other employees in a Baltimore, Maryland
shipyard.

7.3.2.1.6.3 Storage battery industry. At all stages in battery manufacture except for
final assembly and finishing, workers are exposed to high air lead concentrations, particular-
ly lead oxide dust. For example. Boscolo et al. (1978) report air lead concentrations of
16-100 ug/m3 in a battery factory in Italy, while values up to 1315 ug/m3 have been measured
by Richter et al. (1979) in an Israeli battery factory. Excessive concentrations, as great as
5400 ug/m3» have been reported by the World Health Organization (1977).

7.3.2.1.6.4 Printing industry. The use of lead in typesetting machines has declined in
recent years (see Table 5-1). Air concentrations of 10 to 30 ug/m3 have been reported where
this technique is used (Parikh et al., 1979). Lead is also a component of inks and dyes used
in the printing industry, and consequently can present a hazard to workers handling these
products.

7.3.2.1.6.5 Alkyl lead manufacture. Workers involved in the manufacture of alky! lead
compounds are exposed to both inorganic and alkyl lead. Some exposure also occurs at the
petroleum refineries where the two compounds are blended into gasoline, but no data are avail-
able on these blenders.

The major potential hazard in the manufacture of tetraethyl lead and tetramethyl lead is
from skin absorption, which is minimized by the use of protective clothing. Linch et al.
(1970) found a correlation between an index of organic plus inorganic lead concentrations in a/
plant and the rate of lead excretion in the urine of workers. Significant concentrations of
organic lead in the urine were found in workers involved with both tetramethyl lead and tetra-
ethyl lead; lead levels in the tetramethyl lead workers were slightly higher because the reac-
tion between the organic reagent and lead alloy takes place at a somewhat higher temperature
and pressure than that employed in tetraethyl lead production.

Cope et al. (1979) used personal air samplers to assess exposures of five alkyl lead
workers exposed primarily to tetraethyl lead. Blood and urine levels were measured over a
six-week period. Alkyl lead levels in air ranged from 1.3 to 1249 ug/m3, while inorganic lead
varied from 1.3 to 62.6 ug/m3. There was no significant correlation between airborne lead
(either alkyl or inorganic) and blood or urine levels. The authors concluded that biological
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authors state that absorption through damaged skin could be an important exposure pathway.
Other occupations involving risk of lead exposure include stained glass manufacturing and re-
pair, arts and crafts, and soldering and splicing.
7.3.2.1.7 Secondary occupational exposure. Winegar et al. (1977) examined environmental con-
centrations as well as biological indicators and symptom reporting in workers in a secondary
lead smelter near St. Paul, Minnesota. The smelter recovers approximately 9000 metric tons of
lead per year from automotive batteries. The lead concentrations in cuff dust from trousers
worn by two workers were 60,000 and 600,000 MQ/g- The amount of lead contained in pieces of
cloth 1 cm2 cut from the bottoms of trousers worn by the workers ranged from 110 to 3000 ug,
with a median of 410 ug. In all cases, the trousers were worn under coveralls. Dust samples
from 25 households of smelter workers ranged from 120 to 26,000 ug/g, with a median of 2400
ug/g. No significant correlations were found between dust lead concentrations and biological
indicators, or between symptom reporting and biological indicators. However, there was an in-
creased frequency of certain objective physical signs, possibly due to lead toxicity, with in-
creased blood lead level. The authors also concluded that the high dust lead levels in the
workers' homes are most likely due to lead originating in the smelter.
7.3.2.2 Additive Exposure Due to Age. Sex, or Socio-Economic Status
7.3.2.2.1 Quality and quantity of food. The quantity of food consumed per body weight varies
greatly with age and somewhat with sex. A 14 kg, 2-year-old child eats and drinks 1.5 kg food
and water per day. This is 110 g/kg, or 3 times the consumption of an 80 kg adult male, who
•eats 39 g/kg. Teenage girls consume less than boys and elderly women eat more than men, on a
body weight basis.

It is likely that poor people eat more canned foods and less frozen and pre-prepared
foods. Rural populations probably eat more home-grown foods and meats packed locally.
7.3.2.2.2 Mouthing behavior of children. Children place their mouths on dust-collecting sur-
faces and lick non-food items with their tongues. This fingersucking and mouthing activity
are natural forms of behavior for young children that expose them to some of the highest con-
centrations of lead in their environment. A single gram of dust may contain ten times more
lead than the total diet of the child.
7.3.2.3 Special Habits or Activities. Rabinowitz and Needleman (1984) found a positive
correlation between cord blood lead and such maternal exposure factors as use of tobacco, hard
alcohol, coffee, and amount of lead in dust. Factors unrelated to cord blood lead levels were
amount of dust, tap water lead, air lead, and lead paint. One or more of the above exposure
factors may be correlated with other factors, such as race, marital status, schooling, or
maternal age. Of these, race and marital status demonstrated a relationship to blood lead.
Whereas this study did not attempt to quantify actual exposure, it does identify several acti-
vities that are likely to increase human exposure to lead.
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7.3.2.3.1 Smoking. Lead is also present in tobacco. The World Health Organization (1977)
estimates a lead content of 2.5-12.2 |jg per cigarette; roughly two to six percent of this lead
may be inhaled by the smoker. The National Academy of Sciences (1980) has used these data to
conclude that a typical urban resident who smokes 30 cigarettes per day may inhale roughly
equal amounts of lead from smoking and from breathing urban air.
7.3.2.3.2 Alcoholic beverages. Reports of lead in European wines (Olsen et al. , 1981;
Boudene et al., 1975; Zurlo and Griffini, 1973) show concentrations averaging 100-200 ug/1 and
ranging as high as 300 ug/1. Measurements of lead in domestic wines were in the range of
100-300 ug/1 for California wines with and without lead foil caps. The U.S. Food and Drug
Administration (1983) found 30 ug/1 in the 1982 Market Basket Survey. The average daily con-
sumption of table wine by a 25- to 30-year-old adult in the U.S. is about 12 g. Even with a
lead content of 0.1 ug/g, which is ten times higher than drinking water, wine does not appear
to represent a significant potential exposure to lead. At one liter per day, however, lead
consumption in wine would be greater than the total baseline consumption.

McDonald (1981) points out that older wines with lead foil caps may represent a hazard,
especially if they have been damaged or corroded. Wai et al. (1979) found that the lead con-
tent of wine rose from 200 to 1200 ug/1 when the wine was allowed to pass over the thin ring
of residue left by the corroded lead foil cap. Newer wines (1971 and later) use other means
of sealing. If a lead foil is used, the foil is tin-plated and coated with an acid-resistant
substance. Lead concentrations in beer are generally lower than those in wine; Thalacker
(1980) reports a maximum concentration of 80 ug/1 in several brands of German beer. The U.S.
Food and Drug Administration (1983) found 13 ug/1 in beer consumed by Americans (Table 7D-1).
7.3.2.3.3 Pica. Pica is the compulsive, habitual consumption of non-food items, such as
paint chips and soil. This habit can present a significant lead exposure to the afflicted
person, especially to children, who are more apt to have pica. There are very little data on
the amounts of paint or soil eaten by children with varying degrees of pica. Exposure can
only be expressed on a unit basis. Billick and Gray (1978) report lead concentrations of 1000
to 5000 ug/cm2 surface area in lead-based paint pigments. To a child with pica, a single chip
of paint can represent greater exposure than any other source of lead. A gram of urban soil
may have 150 to 2000 ug lead.
7.3.2.3.4 Glazed earthenware vessels. Another potential source of dietary lead poisoning is
the use of inadequately glazed earthenware vessels for food storage and cooking. An example
of thi? danger involved the severe poisoning of a family in Idaho that resulted from drinking
orange juice that had been stored in an earthenware pitcher (Block, 1969). Similar cases,
sometimes including fatalities, have involved other relatively acidic beverages such as fruit
juices and soft drinks, and have been documented by other workers (Klein et al., 1970; Harris
and Elsen, 1967). Because of these incidents, the U.S. Food and Drug Administration (1980)
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has established a maximum permissible concentration of 2.5-7 ug Pb/ml in solution after leach-
ing with 4 percent acetic acid in the kitchenware for 24 hours, depending on the shape and
volume of the vessel.

Inadequately glazed pottery manufactured in other countries continues to pose a signifi-
cant health hazard. For example, Spielholtz and Kaplan (1980) report 24-hour acetic acid-
leached lead concentrations as great as 4400 ug/g in Mexican pottery. The leached lead
decreased with exposure time, and after several days appears to asymptotically approach a
value which may be as high as 600 ug/g. These investigators have also measured excessive lead
concentrations leached into acidic foods cooked for two hours in the same pottery. Similarly,
Acra et al. (1981) report that 85 percent of 275 earthenware vessels produced in primitive
Lebanese potteries had lead concentrations above the 7 ug/g limit set by the U.S. PDA. How-
ever, only 9 percent of 75 vessels produced in a modern Beirut pottery exceeded the limit.
Cubbon et al. (1981) have examined properly glazed ceramic plates in the United Kingdom, and
have found a decrease in leached lead with exposure time down to very low levels. The authors
state that earthenware satisfying the 7 ug/g limit can contribute about 3 ug/day to the
dietary intake of the average consumer.
7.3.2.3.5 Hobbies. There are a few hobbies where the use of metallic lead or solder may pre-
sent a hazard to the user. Examples are electronics projects, stained glass window construc-
tion, and firing range ammunition recovery. There are no reports in which the exposure to
lead has been quantified during these activities.

7.3.3 Summary of Additive Exposure Factors
Beyond the baseline level of human exposure, additional amounts of lead consumption are

largely a matter of individual choice or circumstance. Many of these additional exposures
arise from the ingestion of atmospheric lead in dust. In one or more ways probably 90 percent
of the American population are exposed to lead at greater than baseline levels. A summary of
the most common additive exposure factors appears in Table 7-20. In some cases, the additive
exposure can be fully quantified and the amount of lead consumed can be added to the baseline
consumption. These may be continuous (urban residence), or seasonal (family gardening) expo-
sures. Some factors can be quantified only on a unit basis because of wide ranges in exposure
duration or concentration. For example, factors affecting occupational exposure are air lead
concentrations (10-4000 ug/m3), use and efficiency of respirators, length of time of exposure,
dust control techniques, and worker training in occupational hygiene.
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7.4 SUWIARY
Ambient airborne lead concentrations have shown no marked trend from 1965 to 1977. Over

the past five years, however, distinct decreases have occurred. The mean air concentration
has dropped from 1.3 (jg/rn3 in 1977 to 0.40 ug/m3 in 1984. This decrease reflects the lower
lead emissions from mobile sources in recent years. Airborne size distribution data indicate
that most of the airborne lead mass is found in subraicron particles.

Atmospheric lead is deposited on vegetation and soil surfaces, entering the human food
chain through contamination of grains and leafy vegetables, of pasture lands, and of soil
moisture taken up by all crops. Lead contamination of drinking water supplies appears to
originate mostly from within the distribution system.

Most people receive the largest portion of their lead intake through foods. Unprocessed
foods such as fresh fruits and vegetables receive lead by atmospheric deposition as well as
uptake from soil, crops grown near heavily traveled roads generally have greater lead levels
than those grown at greater distances from traffic. For many crops the edible internal por-
tions of the plant (e.g., kernels of corn and wheat) have considerably less lead than the
outer, more exposed parts, such as stems, leaves, and husks. Atmospheric lead accounts for
about 45 percent of the total adult lead exposure, and 65 percent of the exposure for
children. Processed foods have greater lead concentrations than unprocessed foods, due to
lead inadvertently added during processing. Foods-packaged in soldered cans have much greater
lead levels, than foods packaged in other types of containers. About 35 percent of the base-
line adult exposure to lead results from the use of solder lead in packaging food and distri-
buting drinking water.

Significant amounts of lead in drinking water can result from contamination at the water
source and from the use of lead solder in the water distribution system. Atmospheric deposi-
tion 'las been shown to increase lead in rivers, reservoirs, and other sources of drinking
watt.-r. in some areas, however, lead pipes pose a more serious problem. Soft, acidic water in
homes wit.h laad plumbing may have excessive lead concentrations. Besides direct consumption
of *.he water, exposure may occur when vegetables and other foods are cooked in water contain-
:ng i ead.

A"ll of the categories of potential lead exposure discussed above may influence or be in-
fluenced oy dust and soil. For example, lead in street dust is derived primarily from vehic-
ular emissions, while in house dust may originate from nearby stationary or mobile sources.
Foo<; and water may include lead adsorbed from soil as well as deposited atmospheric material.
Faking lead-based paint has been shown to increase soil lead levels. Natural concentrations
of lead in soil average approximately 15 ug/g; this natural lead, in addition to anthropogenic
7ead emissions, influences human exposure.
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Americans living in rural areas away from sources of atmospheric lead consume 35-55 ug
Pb/day from all sources. Circumstances that can increase this exposure are urban residence
(25-100 ug/day), family garden on high-lead soil (40-100 ug/day), houses with interior lead-
based paint (20-85 ug/day), and residence near a smelter (400-900 ug/day). Occupational
settings, smoking, and wine consumption also can increase consumption of lead according to the
degree of exposure.

A number of manmade materials are known to contain lead, the most important being paint
and plastics. Lead-based interior paints, although no longer used, are a major problem in
older homes. Small children who ingest paint flakes can receive excessive lead exposure.
Incineration of plastics may emit large amounts of lead into the atmosphere. Because of the
increasing use of plastics, this source is likely to become more important. Other manmade
materials containing lead include colored dyes, cosmetic products, candle wicks, and products
made of pewter and silver.

The greatest occupational exposures are found in the lead smelting and refining indus-
tries. Excessive airborne lead concentrations and dust lead levels are occasionally found in
primary and secondary smelters; smaller exposures are associated with mining and processing of
the lead ores. Welding and cutting of metal surfaces coated with lead-based paint may also
result in excessive exposure. Other occupations with potentially high exposures to lead in-
clude the manufacture of lead storage batteries, printing equipment, alkyl lead, rubber pro-
ducts, plastics, and cans; individuals removing lead paint from walls and those who work in
indoor firing ranges may also be exposed to lead.

Environmental contamination by lead should be measured in terms of the total amount of
lead emitted to the biosphere. American industry contributes several hundred thousand tons of
lead to the environment each year: 55,000 tons from petroleum additives, 50,000 tons from am-
munition, 45,000 tons in glass and ceramic products, 16,000 tons in paint pigments, 8,000 tons
in food can solder, and untold thousands of tons of captured wastes during smelting, refining,
and coal combustion. These are uses of lead that are generally not recoverable, thus they
represent a permanent contamination of the human or natural environment. Although much of
this lead is confined to municipal and industrial waste dumps, a large amount is emitted to
the atmosphere, waterways, and soil, to become a part of the biosphere.

Potential human exposure can be expressed as the concentrations of lead in these environ-
mental components (air, dust, food, and water) that interface with man. It appears that, with
the exception of extraordinary cases of exposure, about 80 to 100 ug of lead are consumed
daily by each American, including additional exposure above baseline.
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APPENDIX 7A
SUPPLEMENTAL AIR MONITORING INFORMATION

7A.1 AIRBORNE LEAD SIZE DISTRIBUTION
In Section 7.2.1.3.1, several studies of the particle size distributions for atmospheric

lead were discussed. The distributions at forty locations were given in Figure 7-5. Supple-
mentary information from each of these studies is given in Table 7A-1.
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TABLE 7A-1. INFORMATION ASSOCIATED WHH THE AIRBORNE HAD SIZt
DISTRIBUTIONS OF FIGURE f-b
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Approx
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Lee et al. (1972)
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Lee et al. (1972)
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Lee et al. (1972)
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representing a total of
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24 hours each

Mar. - Dec. 1970
Same averaging as
Graph 1. total of 18
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Jan. - Dec. 1970
Same averaging as
Graph 1. total of
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Mar. - Dec. 1970
Same averaging as
Graph 1. total of 20
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Graph 1, total of 22
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Same averaging as
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filter
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filter
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ahove the ground

Andersen impactor with 0.69
backup filler, 1.2m
above the ground

Andersen impactor 0.24
no backup t i Her

Andersen impactor 0.62
with backup f i Her

Andersen impactor 0.67
with backup filler

Andersen impactor 0.60
with backup f 1 Her

Andersen impactor 0.15
with backup filter

Andersen impactor, 0.27
no backup f i Her

0.29

0.42

2 1

0.41

0 24

0.31

0.51

1.8



TABLE 7A-1 (continued)

Graph
no

15

16

Reference

Cholak et al.
(1968)

McDonald and
Duncan (1979)

Dates of

April 1968
average of
3 days each

June 1975
One run of

sampl ing

several runs,

15 days

Location of sampling

3 sites: 10,400 and
3300* fro* Interstate
75, Cincinnati, Ohio

Glasgow, Scotland

Type of sampler

Andersen impactor
with backup f i Her

Case! la inpactor
with backup filter.

C
T

ug/m3

7.8*
1.7
1.1

0.53

Approx
MHO M«I

0.32

0.51

17 Oorn et al. (1976)

18 Dorn et al. (1976)

19 Daines et al.
(1970)

20 Martens et al.
(1973)

21 Lundgren (1970)

22 Huntzicker et al.
(1975)

Winter, spring,
sunner 1972
Average of 3 runs,
27 days each

Winter, spring,
simmer 1972
Average of 3 runs,
14 days each

1968
Average of continuous
1-week runs over an
8-month period

July 1971
One run of 4 days

November 1968
Average of 10 runs,
16 hours each

May 1973 t
One run of 8 hours

Southeast Missouri,
800a from a lead
shelter

Southeast Missouri,
75 k« fro* the lead
shelter of Graph 17

3 sites: 9, 76, and
530* fro* U.S. Route 1,
New Brunswick,
Hew Jersey

9 sites throughout
San Francisco area

Riverside, California

Shoulder of Pasadena
Freeway near downtown
Los Angeles, California

30m above the ground

Andersen impactor, 1.0
no backup filter,
1.7* above the ground

Andersen impactor, 0.11
no backup filter,
1.7m above the ground

Cascade inpactor with 4.5
backup fitter 2.2

1.5

Andersen inpactor 0.84
with backup fiIter

Lundgren impactor 0.59

Andersen impactor 14.0
with backup filter,
2m above the ground

3.8

2.4

0.35

0.49

0.50

0.32



TABLE 7A-1 (continued)

Graph
no

23

24

25

26

27

28

29

Reference

Hunt/icker et al
«' 1'J/b:

uav itlson ( 14/ / i

Davidson et al
(1980)

Davidson et al .
(1981a)

Davidson et al.
(1981b)

Goo Id and
Davidson (1982)

Goo Id and
Davidbon (1982)

Dates of sampl ing

f ebruray 19/4
One run of b days

May and July 197b
Average of 2 runs.
61 hours each

October 1979
One run of 120 hours

July-Sep. 1979
Average of 2 runs,
90 hours each

December 1979
One run of 52 hours

June 1980
One run of 72 hours

July 1980
One run of 34 hours

Location of sampling

Pasadena, California

Pasadena, California

Clingnan's Dome
Great Smokies National
Park. elev. 2024m

Pittsburgh, Pennsylvania

Nepal Himalayas
elev. 3962m

Export. Pennsylvania
rural site 40 km
east of Pittsburgh

Packwood, Washington
rural site in Gifford

c
T

Type of sampler ug/m3

Andersen impactor 3.5
with backup f i Her,
on roof of 4 story
bui luing

Modified Andersen 1.2
impactor with backup
f i Her on roof of 4
story bui Iding

2 Modified Andersen 0.014
impactors with backup
f i Hers, 1. 2m above
the ground

Modified Andersen 0.60
impactor with backup
filter, 4m above the
ground

Modified Andersen 0.0014
impactor with backup
f i 1 ter , 1 . 2m above
the ground

2 Modified Andersen 0.111
impactors with backup
filters, 1.2m above
the ground

Modified Andersen 0.016
impactor with backup

Approx.
MHO urn

0.72

0.97

1.0

0.56

0.54

1.2

0.40

Pinchot National Forest f i l t e r , 1.5m above
the ground



TABLE 7A-1 (continued)

Graph
no

30

31

32

33

Reference

Goo Id and
Davids on (1982)

Ouce et al.
(1976)

Duce et al.
(1976)

Harrison et al.
(1971)

Dates of sampling

July-Aug. 1980
One run of 92 hours

Hay - June 1975
One run of 112 hours

July 1975
One run of 79 hours

April 1968
Average of 21 runs.

Location of sampling

Hurricane Ridge
Olympic National
Park elev. 1600m

Southeast coast of
Bermuda

Southeast coast of
Bermuda

Ann Arbor, Michigan

C
I

Type of sampler M9/"3

Modified Andersen 0.0024
impactor with backup
filter, 1.5m above
the ground

Sierra high-volume 0.0085
impactor with backup
filter, 20m above the
ground

Sierra high-volume 0.0041
impactor with backup
filter, 20m above the
ground

Modified Andersen 1.8
impactor with backup

Approx.
MHO M«

0.87

0.57

0.43

0.16

34 Gillette and
Winchester (1972)

35 Gillette and
Winchester (1972)

36 Gillette and
Winchester (1972)

37 Johansson et al.
(1976)

2 hours each

Oct. 1968
Average of 15 runs,
24 hours each

May - Sept. 1968
Average of 10 runs,
8 hours each

Oct. 1968
Average of 3 runs,
24 hours each

June - July 1973
Average of 15 runs,
average 50 hr each

Ann Arbor, Michigan

Chicago, I l l i n o i s

Lincoln, Nebraska

2 sites in Tallahassee,
Florida

filter, 20m above the
ground

Andersen impactor with 0.82
backup f i l t e r

Andersen impactor with 1.9
backup filter

Andersen impactor with 0.14
backup filter

Delron Battelle-type 0.24
impactor, no backup
filter, on building roofs

0.28

0.39

0.42

0.62



TABU 7A-1 (continued)

Graph
no

38

39

40

Reference

Cause el dl .
(1974)

Pattenden et al.
(19/4)

Bernstein and
Rahn (1979)

Dates of sampling Location of sampling

July - Dec 1973 Chilton, England

Hay - Aug. 1973 frebanos , England
Average of 4 runs,
1 Month each

Aug. 1976 New York City
Average of 4 runs,
1 week each

c
T

lype of sampler pg/a3

Andersen impactor with 0.16
backup filter, 1.5m above
the ground

Andersen impactor with 0.23
backup Miter, 1.5* above
the ground

Cyclone sampling 1.2
system with backup
f i Her, on roof on
lb story building

Approx.
MHO pm

0.57

0.74

0.64

*Airborne concentrations for filters run at the same sites as the impactor, but during different time periods. Impactor concentrations not available.



APPENDIX 7B
SUPPLEMENTAL SOIL AND DUST INFORMATION

Lead in soil, and dust of soil origin, is discussed in Section 7.2.2. The data show
average soil concentrations are 8-25 H9/9. and dust from this soil rarely exceeds 80-100 ug/g.
Street dust, household dust, and occupational dusts often exceed this level by one to two
orders of magnitude. Tables 7B-1 and 7B-2 summarize several studies of street dust. Table
7B-3 shows data on household and residential soil dust. These data support the estimates of
mean lead concentrations in dust discussed in Section 7.3.1.4. Table 7B-4 gives airborne lead
concentrations for an occupational setting, which are only qualitatively related to dust lead
concentrations.
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TABLE 7B-1. LEAD OUST ON AND NEAR HEAVILY TRAVELED ROADWAYS

Samp ling s i te
Concentration

ug Pb/g Reference

Washington, DC:
Busy intersection
Many sites

Chicago:
Near expressway

Philadelphia:
Near expressway

Brooklyn:
Near expressway

New York City:
Near expressway

Detroit:
Street dust

Philadelphia:
Gutter (low pressure)
Gutter (high pressure)

Miscellaneous U.S. Cities:
Highways and tunnels

Netherlands:
Heavily traveled roads

13,000
4000-8000

6600

3000-8000

900-4900

2000

970-1200

210-2600
280-8200

10,000-20,000

5000

Fritsch and Prival (1972)

Kennedy (1973)

Lombardo (1973)

Pinkerton et al. (1973)

Ter Haar and Aronow (1974)

Shapiro et al. (1973)
Shapiro et al. (1973)

Buckley.et al. (1973)

Rameau (1973)

FABLF 7B-2. LEAD CONCENTRATIONS IN STREET DUST IN LANCASTER, ENGLAND

ji r.z

"ar parks

."i(?r-3i]a forecourts

Tcwr centre streets
Main roads
Residential areas
Rural roads

No. of
samples

4
16
2
7
13
19
7
4

Range of
concentrations

39,700 -
950 -

44,100 -
1,370 -
840 -
740 -
620 -
410 -

51,900
15,000
48,900
4,480
4,530
4,880
1,240
870

Mean

46,300
4,560
46,500
2,310
2,130
1,890
850
570

Standard
deviation

5,900
3,700

--
1,150
960

1,030
230
210

Source: Harrison (1979).
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TABLE 7B-3. LEAD DUST IN RESIDENTIAL AREAS

Sampling site
Concentration

Pb/g) Reference

Philadelphia:
Classroom
Playground
Window frames

Boston and New York:
House dust

Brattleboro, VT:
In home

New York City:
Middle Class
Residential

Philadelphia:
Urban industrial
Residential
Suburban

Derbyshire, England:
Low soil lead area
High soil lead area

2000
3000
1750

1000-2000

500-900

610-740

930-16,000
290-1000
280-1500

130-3000
1050-28,000

Shapiro et al. (1973)

Needleman and Scanlon (1973)

Darrow and Schroeder (1974)

Pinkerton et al. (1973)

Needleman et al. (1974)
Needleman et al. (1974)
Needleman et al. (1974)

Barltrop et al . (1975)
Barltrop et al . (1975)

•TABLE 7B-4. AIRBORNE LEAD CONCENTRATIONS BASED ON PERSONAL SAMPLERS, WORN BY
EMPLOYEES AT A LEAD MINING AND GRINDING OPERATION IN THE MISSOURI LEAD BELT

(ug/m3)
Occupation

Mill operator
Flotation operator
Filter operator
Crusher operator
Sample finisher
Crusher utility
Shift boss
Equipment operator

N*

6
4
4
4
2
1
5
1

High

300
750
2450
590

10,000
—
560
~ ™

Low

50
100
380
20

7070
--
110
™ ™

Mean

180
320

1330
190
8530
70
290
430

*N denotes number of air samples.

Source: Roy (1977).
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APPENDIX 7C
STUDIES OF SPECIFIC POINT SOURCES

OF LEAD

This collection of studies is intended to extend and detail the general picture of lead
concentrations in proximity to identified major point sources as portrayed in Chapter 7.
Because emissions and control technology vary between point sources, each point source is
unique in the degree of environmental contamination. The list is by no means all-inclusive,
but is intended to be representative and to supplement the data cited in Chapter 7. In many
of the studies, blood samples of workers and their families were taken. These studies are
also discussed in Chapter 11.

7C.1 SMELTERS AND MINES

7C.1.1 Two Smelter Study
The homes of workers of two unidentified secondary lead smelters in different geograph-

ical areas of the United States were studied by Rice et al. (1978). Paper towels were used to
collect dust from surfaces in each house, following the method of Vostal et al. (1974). A
total of 33 homes of smelter workers and 19 control homes located in the same or similar
neighborhoods were investigated. The geometric mean lead levels on the towels were 79.3 ug
(smelter workers) versus 28.8 pg (controls) in the first area, while in the second area mean
values were 112 py versus 9.7 ug. Also in the second area, settled dust above doorways was
collected by brush;'ig the dust into glassine envelopes for subsequent analysis. The geometric
mean lead content of this dust in 15 workers' homes was 3300 ug/g, compared with 1200 ug/g
in eight control homes. Curbside dust collected near each home in the second area had a
geometric mean lead content of 1500 M9/9> with no significant difference between worker and
control homes. No significant difference was reported in the paint lead content between
worker and control homes. The authors concluded that lead MI dust carried home by these
workers contributed to the lead content of dust in their homes, despite showering and changing
clothes at the plant, and despite work clothes being laundered by the company. Storage of
employee street clothes in dusty lockers, walking across lead-contaminated areas on the way
home, and particulate settling on workers' cars in the parking lot may have been important
factors Based on measurement of zinc protoporphyrin levels in the blood of children in these
homes, the authors also concluded that the greater lead levels in nousedust contributed to in-
creased child absorption of lead.
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7C.1.2 British Columbia, Canada
Neri et al. (1978) and Schmitt et al. (1979) examined environmental lead levels in the

vicinity of a lead-zinc smelter at Trail, British Columbia. Total emissions from the smelter
averaged about 135 kg Pb/day. Measurements were conducted in Trail (population 12,000), in
Nelson, a control city 41 km north of Trail (population 10,000), and in Vancouver. The annual
mean airborne lead concentrations in Trail and in Nelson were 2.0 and 0.5 ug/m3, respectively.
Mean lead levels in surface soil were 1320 ug/g in Trail (153 samples), 192 ug/g in Nelson (55
samples), and 1545 ug/g in Vancouver (37 samples).

Blood lead measurements show a positive correlation with soil lead levels for children
aged 1-3 years and for first graders, but no significant correlation for ninth graders. The
authors concluded that small children are most likely to ingest soil dust, and hence deposited
smelter-emitted lead may pose a potential hazard for the youngest age group.

7C.1.3 Netherlands
Environmental lead concentrations were measured in 1978 near a secondary lead smelter in

Arnhem, Netherlands (Diemel et al., 1981). Air and dust were sampled in over 100 houses at
distances of 450-1000 meters from the smelter, with outdoor samples of air, dust, and soil
collected for comparison. Results are presented in Table 7C-1. Note that the mean indoor
concentration of total suspended particulates (TSP) is greater than the mean outdoor concen-
tration, yet the mean indoor lead level is smaller than the corresponding outdoor level. The
authors reasoned that indoor sources such as tobacco smoke, consumer products, and decay of
furnishings are likely to be important in affecting indoor TSP; however, much of the indoor
lead was probably carried in from the outside by the occupants, e.g., as dust adhering to
shoes. The importance of resuspension of indoor particles by activity around the house was
also discussed.

7C.1.4 Belgium
Roels et al. (1978, 1980) measured lead levels in the air, in dust, and on childrens'

hands at varying distances from a lead smelter in Belgium (annual production 100,000 metric
tons). Blood data from children living near the smelter were also obtained. Air samples were
collected nearly continuously beginning in September 1973. Table 7C-2 lists the airborne con-
centrations recorded during five distinct population surveys between 1974 and 1978, while
Figure 7C-1 presents air, dust, and hand data for Survey #3 in 1976. Statistical tests showed
that blood lead levels were better correlated with lead on childrens' hands than with air
lead. The authors suggested that ingestion of contaminated dust by hand-to-mouth activities
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TABLE 7C-1. LEAD CONCENTRATIONS IN INDOOR AND OUTDOOR AIR, INDOOR AND OUTDOOR
DUST, AND OUTDOOR SOIL NEAR THE ARNHEM, NETHERLANDS SECONDARY LEAD SMELTER

(INDOOR CONCENTRATIONS)

Parameter
Arithmetic

mean Range

Suspended particulate matter
dust concentration (ug/m3)
lead concentration (ug/m3)
dust lead content (ug/kg)

Dustfall
dust deposition (mg/m2>day)
lead deposition (ug/m2-day)
dust lead content (mg/kg)

Floor dust
amount of dust (mg/m2)
amount of lead (ug/m2)

*N number 01 houses.

140
0.27

2670

15.0
9.30

1140

356
166

20-570
0.13-0.74
400-8200

1.4-63.9
1.36-42.4
457-8100

41-2320
18-886

101
101
106

105
105
105

107
101

Oust lead content (mg/kg)
in "fine" floor dust
in "coarse" floor dust

1050
370

463-4740
117-5250

107
101

(OUTDOOR CONCENTRATIONS)

Parameter Arithmetic mean Range

Suspended particles
dust concentration (ug/m3)
^ad concentraton (ug/m3)

(high-volume samplers, 24-hr samples, 2 month's
average)

Lead in dustfall
(ug/m2-day)
(deposit gauges, weekly samples, 2 months'
average)

64.5
0.42

508

53.7-73.3
0.28-0.52

208-2210

Lead in soil
(mg/kg 0-5 cm)

Lead in streetdust
(mg/kg <0.3 mm)

322

860

21-1130

77-2670

Source: Diemel et al. (1981).
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Figure 7C-1. Concentrations of lead in air, in dust, and on children's hands, measured during
the third population survey of Table E. Values obtained less than 1 km from the smelter, at 2.5
km from the smelter, and in two control areas are shown. The number of children (n) is shown
by sex.
Source: Roels et al. (1980).
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TABLE 7C-2. AIRBORNE CONCENTRATIONS OF LEAD DURING FIVE
POPULATION SURVEYS NEAR A LEAD SMELTER IN BELGIUM*

(ug/m3)

Study populations

1 Survey
(1974)

2 Survey
(1975)

3 Survey
(1976)

4 Survey
(1977)

5 Survey
(1978)

<1 km
2.5 km
Rural

<1 km
2.5 km
Rural

<1 km
2.5 km
Urban
Rural

<i km
2.5 km

<1 km
2.5 km
Urban
Rural

Pb-Air

4.06
1.00
0.29

2.94
0.74

3.67
0.80
0.45
0.30

3.42
0.49

2.68
0.54
0.56
0.37

*Additional airborne data in rural and urban areas obtained as controls are also shown.

Source: Roels et al. (1980).

such as nail-biting and thumb-sucking, as well as eating with the hands, may be an important
exposure pathway. It was concluded that intake from contaminated hands contributes at least
two to four times as much lead as inhalation of airborne material.
7C.1.5 Meza River Valley, Yugoslavia

In 1967, work was initiated in the community of Zerjav, situated in the Slovenian Alps on
the Meza River, to investigate contamination by lead of the air, water, snow, soil, vegeta-
tion, and animal life, as well as the human population. The smelter in this community pro-
duces about 20,000 metric tons of lead annually; until 1969 the stack emitted lead oxides
without control by filters or other devices. Five sampling sites with high-volume samplers
operating on a 24-hr basis were established in the four principal settlements within the Meza
River Valley (Figure 7C-2): (1) Zerjav, in the center, the site of the smelter, housing 1503
inhabitants, (2) Rudarjevo, about 2 km to the south of Zerjav with a population of 100;
(3) Crna, some 5 km to the southwest, population 2198, where there are two sites (Crna-SE and
Crna-W); and (4) Mezica, a village about 10 km to the northwest of the smelter with 2515
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inhabitants. The data in Table 7C-3 are sufficient to depict general environmental contami-
nation of striking proportions.

7C.1.6 Kosova Province, Yugoslavia
Popovac et al. (1982) discuss lead exposure in an industrialized region near the town of

Kosova Mitrovica, Yugoslavia, containing a lead smelter and refinery, and a battery factory.
In 1979, 5800 kg of lead were emitted daily from the lead smelter alone. Ambient air concen-
trations in the town were in the range 21.2-29.2 ug/m3 in 1980, with levels occasionally
reaching 70 MS/1"3- The authors report elevated blood lead levels in most of the children
tested; some extremely high values were found, suggesting the presence of congenital lead
poisoning.

7C.1.7 Czechoslovakia
Wagner et al. (1981) measured total suspended particulate and airborne lead concentra-

tions in the vicinity of a waste lead processing plant in Czechoslovakia. Data are shown in
Table 7C-4. Blood lead levels in 90 children living near the plant were significantly greater
than in 61 control children.

7C.1.8 Australia
Heyworth et al. (1981) examined child response to lead in the vicinity of a lead sulfide

mine in Northhampton, Western Australia. Two samples of mine tailings measured in 1969
contained 12,000 ug/g and 28,000 ug/g lead; several additional samples analyzed in 1978 con-
tained 22,000-157,000 ug/g lead. Surface soil from the town boundary contained 300 ug/g,
while a playground and a recreational area had soil containing 11,000 ug/g and 12,000 ug/g
lead, respectively.

Blood lead levels measured in Northhampton children, near the mine, were slightly greater
than levels measured in children living a short distance away. The Northhampton blood lead
levels were also slightly greater than those reported for children in Victoria, Australia
(DeSilva and Donnan, 1980). Heyworth et al. (1981) concluded that the mine tailings could
have increased the lead exposure of children living in the area.

7C.2 BATTERY FACTORIES

7C.2.1 Southern Vermont
Watson et al. (1978) investigated homes of employees of a lead storage battery plant in

southern Vermont in August and September, 1976. Lead levels in household dust, drinking
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RIVERS
SETTLEMENTS

Figure 7C-2. Schematic plan of lead mine and smelter from Meza Valley,
Yugoslavia, study.

Source: Fugas (1977).
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TABLE 7C-3. ATMOSPHERIC LEAD CONCENTRATIONS (24-hour) IN THE
MEZA VALLEY, YUGOSLAVIA, NOVEMBER 1971 TO AUGUST 1972

(ug/m3)

Site

Mezica

Zerjav

Rudarjevo

Crna SE

Crna W

Minimum

0.1

0.3

0.5

0.1

0.1

Maximum

236.0

216.5

328.0

258.5

222.0

Average

24.2

29.5

38.4

33.7

28.4

Source: Fugas (1977).

TABLE 7C-4. CONCENTRATIONS OF TOTAL AIRBORNE DUST AND OF AIRBORNE LEAD IN THE
VICINITY OF A WASTE LEAD PROCESSING PLANT IN CZECHOSLOVAKIA,

AND IN A CONTROL AREA INFLUENCED PREDOMINANTLY BY AUTOMOBILE EMISSIONS

Exposed

Control

n
x (ug/m3)
S
range
95% c.i.

n
x (ug/m3)
S
range
95% c.i.

TSP

300
113.6
83.99
19.7-553.4
123.1-104.1

56.0
92.0
40.5
10-210
102.7-81.3

Lead

303
1.33
1.9
0.12-10
1.54-1.

87
0.16
0.07
0.03-0.
0.17-0.

.9
11

36
14

n = number of samples; x = mean of 24-hour samples;
s = standard deviation; 95% confidence interval.

Source: Wagner et al. (1981).
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water, and paint were determined for 22 workers' homes and 22 control homes. The mean lead
concentration in dust in the workers' homes was 2,200 ug/g, compared with 720 pg/g in the
control homes. Blood lead levels in the workers' children were greater than levels in the
control children, and were significantly correlated with dust lead concentrations. No sig-
nificant correlations were found between drinking water lead and blood lead, or between paint
lead and blood lead. It is noteworthy that although 90 percent of the employees showered and
changed clothes at the plant, 87 percent brought their work clothes home for laundering. The
authors concluded that dust carried home by the workers contributed to increased lead absorp-
tion in their children.

7C.2.2 North Carolina
Several cases of elevated environmental lead levels near point sources in North Carolina

have been reported by Dolcourt et al. (1978, 1981). In the first instance, dust lead was
measured in the homes of mothers employed in a battery factory in Raleigh; blood lead levels
in the mothers and their chldren were also measured. Carpet dust was found to contain 1,700-
48,000 ug/g lead in six homes where the children had elevated blood lead levels (>40
ug/dl). The authors concluded that lead carried home on the mothers' clothing resulted in
increased exposure to their children (Dolcourt et al., 1978). In this particular plant, no
uniforms or garment covers were provided by the factory; wo'rk clothing was worn home.

In a second case, discarded automobile battery casings from a small-scale lead recovery
operation in rural North Carolina were brought home by a worker and used in the family's
wood-burning stove (Dolcourt et al., 1981). Two samples of indoor dust yielded 13,000 and
41,000 ug/g lead. A three-year-old girl living in the house developed encephalopathy
resulting in permanent brain damage.

In a third case, also in rural North Carolina, a worker employed in an automobile battery
reclamation plant was found to be operating an illicit battery recycling operation in his
home. Reclaimed lead was melted on the kitchen stove. Soil samples obtained near the house
measured as high as 49 percent lead by weight; the driveway was covered with fragments of
battery casings. Although no family member had evidence of lead poisoning, there were
unexplained deaths among chickens who fed where the lead waste products were discarded
(Dolcourt et al., 1981).

7C.2.3 Oklahoma
Norton et al. (1982) studied lead exposure in children of employees at a battery manu-

facturing plant in Oklahoma. A total of 34 lead-exposed children and 34 control children were
examined during February and March, 1978; 18 children in the lead-exposed group had elevated
blood lead levels (>30 ug/dl), while none of the controls were in this category.
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It was found that many of the battery factory employees also used lead at home, such as
casting lead into fishing sinkers and using leaded ammunition. A significant difference in
blood lead levels between the two groups of children was found even when families using lead
at home were deleted from the data set. Using the results of personal interviews with the
homemaker in each household, the authors concluded that dust carried home by the employees
resulted in increased exposure of their children. Merely changing clothes at the plant was
deemed insufficient to avoid transporting appreciable amounts of lead home: showering and
shampooing, in addition to changing clothes, was necessary.

7C.2.4 Oakland, California
Environmental lead contamination at the former site of a wet-cell battery manufacturing

plant in Oakland, California was reported by Wesolowski et al. (1979). The plant was opera-
tional from 1924 to 1974, and was demolished in 1976. Soil lead levels at the site measured
shortly after demolition are shown in Table 7C-5. The increase in median concentrations with
depth suggested that the battery plant, rather than emissions from automobiles, was respons-
ible for the elevated soil lead levels. The levels decreased rapidly below 30 cm depth. The
contaminated soil was removed to a sanitary landfill and replaced with clean soil; a park has
subsequently been constructed at the site.

TABLE 7C-5. LEAD CONCENTRATIONS IN SOIL AT THE FORMER SITE OF A WET-CELL
BATTERY MANUFACTURING PLANT IN OAKLAND, CALIFORNIA

(Mg/g)
Depth

Surface

15 cm

30 cm

N*

24

23

24

Range

57-96,000

13-4200

13-4500

Mean

4300

370

1100

Median

200

200

360

*N = number of samples.

Source: Wesolowski et al. (1979).

7C.2.5 Manchester, England
Elwood et al. (1977) measured lead concentrations in air, dust, soil, vegetation, and tap

water, as well as in the blood of children and adults, in the vicinity of a large battery
factory near Manchester. It was found that lead levels in dust, soil, and vegetation de-
creased with increasing distance from the factory. Airborne lead concentrations did not show
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a consistent effect with downwind distance, although higher concentrations were found downwind
compared with upwind of the factory. Blood lead levels were greatest in the households of
battery factory employees: other factors such as distance from the factory, car ownership,
age of house, and presence of lead water pipes were outweighed by the presence of a leadworker
in the household. These results strongly suggest that lead dust carried home by the factory
employees is a dominant exposure pathway for their families. The authors also discussed the
work of Burrows (1976), who demonstrated experimentally that the most important means of lead
transport from the factory into the home is via the workers' shoes.
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APPENDIX 7D
SUPPLEMENTAL DIETARY INFORMATION FROM THE

U.S. PDA TOTAL DIET STUDY

The U.S. Food and Drug Administration published a new Total Diet Food List (Pennington,
1983) based on over 100,000 daily diets from 50,000 participants. Thirty five hundred
categories of foods were condensed to 201 adult food categories for 8 age/sex groups.
Summaries of these data were used in Section 7.3.1.2 to arrive at lead exposures through food,
water, and beverages. For brevity and continuity with the crop data of Section 7.2.2.2.1, it
was necessary to condense the 201 categories of the Pennington study to 25 categories in this
report.

The preliminary lead concentrations for all 201 items of the food list were provided by
U.S. Food and Drug Administration (1985). These data represent four Market Basket Surveys,
each from a different geographic location. Means of these values have been calculated by
EPA, using one-half the detection limit for values reported below detection limit. These data
appear in Table 7D-1.

In condensing the 201 categories of Table 7D-1 to the 9 categories of Table 7-17,
combinations and fractional combinations of categories were made according to the scheme
of Table 7D-2. In this way, specific categories of food more closely identified with farm
products were summarized. The assumptions made concerning the ingredients in the final
product, (mainly water, flour, eggs, and milk) had little influence on the outcome of the
summarization.
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IABLE 70-1. FOOD LIST AND PRELIMINARY LEAD CONCENTRATIONS

Category

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37

Food

Whole milk
Low fat milk
Chocolate milk
Skim milk
Buttermilk
Yogurt, plain
Milkshake
Evaporated milk
Yogurt, sweetened
Cheese, American
Cottage cheese
Cheese, Cheddar
Beef, ground
Beef, chuck roast
Beef, round steak
Beef, sirloin
Pork, ham
Pork chop
Pork sausage
Pork, bacon
Pork roast
Lamb chop
Veal cutlet
Chicken, fried
Chicken, roasted
Turkey, roasted
Beef liver
Frankfurters
Bologna
Salami
Cod/haddock filet
Tuna, canned
Shrimp
Fish sticks, frozen
Eggs, scrambled
Eggs, fried
Eggs , soft boi led

0.02

0.06
0.08
0.04
u.03
0.05
0.04

0.09

0.03
0.05

0.04

0.11

0.02

0.18

0.03

T

0.05
0.07

0.11

0.03
0.03
0.05
0.22

0.03

0.12

0.07
0.27

0.03

Lead concentration*
(pg/g)

T
T T
0.04 T

T
T
0.03

0.03 0.05
0.18 0.10 0.03

T
T
T
0.04

0.03

0.02
0.03

0.08 0.06

0.04

0.08 0.37
0.10 0.05

0.02
0.02 0.02

0.09 0.02

0.05 0.05 0.03
0.07 0.07 0.06

T
0.03 0.05
0.02 0.02

0.08

0.02
0.04

0.04 0.04

0.03

0.02 0.04
0.02

0.03 0.03

0.06 0.14 0.09

0.05
0.03 0.06
0.08 0.03

0.24 0.06 0.07
0.04 0.04
0.02 0.02

0.07
0.06 0.03

Mean

0.003
0.007
0.010
0.008
0.016
0.006
0.040
0.083
0.009
0.016
0.014
0.021
0.016
0.019
0.007
0.002
0.006
0.006
0.021
0.035
0.006
0.006
0.009
0.011
0.013
0.002
0.083
0.002
0.015
0.013
0.024
0.159
0.030
0.010
0.002
0.014
0.013



TABLE 7D-1. (continued)

oI
OJ

Category

38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75

Food

Pinto beans, dried
Pork and beans, canned
Cowpeas, dried
Lima beans, dried
Lima beans, frozen
Navy beans, dried
Red beans, dried
Peas, green, canned
Peas, green, frozen
Peanut butter
Peanuts
Pecans
Rice, white
Oatmeal
Farina
Corn grits
Corn, frozen
Corn, canned
Corn, cream style, canned
Popcorn
White bread
Rolls, white
Cornbread
Biscuits
Whole wheat bread
Tortilla
Rye bread
Muffins
Crackers, saltine
Corn chips
Pancakes
Noodles
Macaroni
Corn flakes
Presweetened cereal
Shredded wheat cereal
Raisin bran cereal
Crisped rice cereal

Lead concentration*
(pg/g)

0.04
0.41

0.03
0.02
0.14
0.03
0.15

0.03
0.05
0.06
0.03

T
0.22
0.09

0.03

0.04
0.05
0.02
0.03

0.04

0.02
0.07

0.03
0.03

0.06
0.28
0.08

0.19

T
0.56
0.06
0.07

0.06

0.03

0.04
0.03
0.05
0.02
0.04
0.06

0.

0.

0.
0.
0.

0.

0.
0.
0.
0.

0.

0.

0.
0.

04

25

06
11
08

02

02
03
02
02

03

03

03
02

0.18

0.20

0.03

0.03
0.35
0.02
0.03
0.07
0.05
0.04
0.03
0.03
0.07
0.05
0.04
0.03

0.03

0.06

0.06

0.02

0.11

T

0.02
0.04
T
0.03
T

0.03
0.04
0.03
0.03

T
0.03
0.07

T
0.06

T
0.10

0.02
0.04

0.03
0.08

0.06
0.09

0.02

0.03

0.02

0.02

0.
0.
0.

0.12
0.
0.
0.

0.19 0.
0.
0.

0.04 0.

0.03
T 0.
0.04 0.

0.

T 0.
0.10

0.
0.

0.
0.

0.07 0.

22
03
02

04
04
08

34
04
05
06

08
04
06

03

04
03

08
03
03

Mean

0.010
0.130
0.006
0.010
0.006
0.006
0.013
0.136
0.030
0.025
0.007
0.019
0.032
0.009
0.007
0.002
0.006
0.111
0.102
0.030
0.016
0.084
0.005
0.016
0.042
0.041
0.023
0.011
0.014
0.028
0.016
0.025
0.008
0.007
0.029
0.009
0.036
0.004



TABLE 7D-1. (continued)

oI

Category

76
77
78
79
80
81
82
83
84
85
86
87
88
89
90
91
92
93
94
95
96
97
98
99
100
101
102
103
104
105
106
107
108
109
110
111
112
113

Food

Granola
Oat -ing cereal
Apple, raw
Orange, raw
Banana, raw
Watermelon, raw
Peach, canned
Peach, raw
Applesauce, canned
Pear, raw
Strawberries, raw
Fruit cocktail, canned
Grapes , raw
Cantaloupe, raw
Pear, canned
Plums, raw
Grapefruit, raw
Pineapple, canned
Cherries, raw
Raisins, dried 4

Prunes, dried
Avocado, raw
Orange juice, frozen
Apple juice, canned
Grapefruit juice, frozen
Grape juice, canned
Pineapple juice, canned
Prune juice, bottled
Orange juice, canned
Lemonade, frozen
Spinach, canned
Spinach, frozen
Col lards, frozen
Lettuce, raw
Cabbage, raw
Coleslaw
Sauerkraut, canned
Broccoli, frozen

Lead concentration*
(pg/g)

0.03
0.03
0.04

0.18
0.02
0.21
0.02
0.03
0.23

0.03
0.24
1
0.03
0.10

0.04
0.05
0.03
0.02
0.06
0.03
0.06
0.08
0.02
0.05
0.04
0.80
0.05
0.05

0.03
0.13
0.77
0.04

0.02
0.04
0.03

0.23
0.04
0.19
0.03

0.24
0.02
0.08
0.22

0.08
0.03

0.07

0.09
0.04
0.11
0.02

0.03
0.07
1.65
0.10
0.27

0.39
0.03

0.02
0.04

0.02

0.02
0.28

0.10

0.13

0.17

0.05

0.04
0.04

0.02

0.04
0.05
0.02
0.02

0.12
0.06
0.04

0.12

0.
T

T

0.

0.
0.
T
0.
T

0.

0.

0.
0.

0.
0.
0.
0.

1.
0.
0.
0.
0.

0.
T

03

29

05
04

18

10

04

05
03

02
02
02
03

34
06
03
02
02

64

0.02
0.03
T
T

T
0.44
0.05

T
0.02
0.41
I

0.17

0.04

0.04
0.04
0.02
1
0.09
T
0.03
0.03
0.03
0.14
0.02
0.38
0.14
0.08
0.04
0.04
0.02
0.84
0.03

0.

0.
0.

T
0.
T
0.
T
0.
0.

0.
T
T
0.

0.
0.
0.
T
0.

0.
0.
T

0.
0.
0.
T

T
0.

03

02
12

12

10

03
22

28

04

04
03
04

11

11
06

49
04
02

46

T

0.02
0.12
0.02
0.05

0.02
0.21

0.09

0.01
0.03

0.07

0.02
0.02
T
0.06
T
0.25
0.02
0.04

0.93

0.03
0.03

T
0.03

0.12
0.03
0.05
0.02
0.04
0.15
T

0.08
T

0.05
0.04
0.02
T
T

0.03
0.04
T
0.09

0.16
0.06
0.06
T
T
0.04
0.04
T

Mean

0.021
0.021
0.015
0.027
0.006
0.009
0.223
0.022
0.094
0.017
0.019
0.221
0.007
0.015
0.169
0.005
0.008
0.093
0.006
0.033
0.038
0.023
0.007
0.048
0.011
0.053
0.040
0.015
0.053
0.019
0.649
0.066
0.074
0.011
0.014
0.026
0.524
0.016



TABLE 7D-1. (continued)

Category

114
115
116
117
118
119
120
121
122
123
124
125
126
127
128
129
130
131

^ 132
«p 133
<" 134

135
136
137
138
139
140
141
142
143
144
145
146
147
148

Food

Celery, raw
Asparagus, frozen
Cauliflower, frozen
Tomato, raw
Tomato juice, canned
Tomato sauce, canned
Tomatoes, canned
Beans, snap green, frozen
Beans, snap green, canned
Cucumber, raw
Squash, summer, frozen
Pepper, green, raw
Squash, winter, frozen
Carrots, raw
Onion, raw
Vegetables, mixed, canned
Mushrooms, canned
Beets, canned
Radish, raw
Onion rings, frozen
French fries, frozen
Mashed potatoes, instant
Boiled potatoes, w/o peel
Baked potato, w/ peel
Potato chips
Scalloped potatoes
Sweet potato, baked
Sweet potato, candied
Spaghetti , w/ meat sauce
Beef and vegetable stew
Pizza, frozen
Chili , beef and beans
Macaroni and cheese
Hamburger sandwich
Meatloaf

Lead concentration*
(pg/g)

0.02

0.03
0.16
0.26
0.19
0.03
0.14

0.04
0.07
0.02

0.25
0.17
0.03
0.07

0.11

0.03
0.04

0.04
0.11

0.06
0.12

0.02
0.06

0.04
0.31
8.201

0.23
T
0.02
0.02

0.03
0.05
0.17
0.25
0.11
0.03
0.02
T

0.02
0.04

0.02
0.05
0.04
0.12
T
0.03
0.05

0.46

T
0.12
0.23
0.02
0.12

0.02
0.06
0.12
0.08

0.02

0.04
0.02
0.08

T
T
0.04
T
0.04
0.02
0.22
0.02
0.07
T
0.03
0.02
0.02
0.02
T
0.05
0.37
0.12
T
T
0.02
0.04
T
0.04
0.03

0.03
0.02
0.06

0.11

0.03

0.03
0.05
T
0.03
0.10
0.10
0.38
T
0.18
0.03
0.02
0.02
0.02
0.02
0.04

0.27
0.10

0.04

0.02
0.06
0.05
0.04

0.02
0.02
0.02
0.07
0.04

T

0.26
0.98
0.24
T
0.05

0.02

T
T
T
0.36
0.42
T
0.02

T

T

0.02
T
T
0.17
T
0.02
T

0.08

0.

0.
0.
T

T

T
0.
0.

0.
0.

0.

0.
0.
0.
T
T
0.

0.

02

12
12

02
01

25
15

07

03
02
12

04

06

0.03
T

0.06
0.15
0.15
0.04

0.04
T
0.02
T

T

0.11
0.08
T
0.03

0.03

0.39

0.02
0.46

0.04

Mean

0.010
0.016
0.008
0.010
0.084
0.258
0.218
0.018
0.099
0.012
0.019
0.020
0.012
0.013
0.019
0.081
0.255
0.103
0.013
0.022
0.006
0.020
0.005
0.023
0.009
0.014
0.032
0.025
0.136
0.005
0.021
0.102
0.004
0.016
0.093

•This finding was not included in the calculation of the mean, since it is completely atypical of the lead levels that
have been found in canned tomatoes in recent years.



TABLE 7D-1. (continued)

oi
CTl

Category

149

150
151
152
153
154
155
156
157
158
159
160
161
162
163
164
165
166
167
168
169
170
171
172
173
174
175
176
177
178
179
180
181
182
183
184
185

Food

Spaghetti in tomato sauce,
canned

Chicken noodle casserole
Lasagne
Potpie, frozen
Pork chow me in
Frozen dinner
Chicken noodle soup, canned
Tomato soup, canned
Vegetable beef soup, canned
Beef bouillon, canned
Gravy mix
White sauce
Pickles
Margarine
Salad dressing
Butter
Vegetable oil
Mayonnaise
Cream
Cream substitute
Sugar
Syrup
Jelly
Honey
Catsup
Ice cream
Pudding, instant
Ice cream sandwich
Ice milk
Chocolate cake
Yellow cake
Coffee cake
Doughnuts
Danish pastry
Cookies, choc, chip
Cookies, sandwich type
Apple pie, frozen

Lead concentration*
(ug/g)

0.06

0.11
0.04
0.32

0.02
0.07
0.04

0.02
0.05
0.10
0.06
0.03

0.06
0.10
0.07
0.06

0.12

0.03

0.05
0.07
0.13
0.16
0.04
0.02
0.06
0.04
0.03
0.04

0.02
0.04
0.06
0.03
0.03

0.02
0.02
0.04
0.02

0.02
0.09
0.06
0.06
0.14

0.04
0.05

0.05
0.06

1

0.02

0.02
0.04
0.03

0.03

0.03
0.03

0.03

0.04

0.06
T
0.04

0.02
0.03

0.02

0.05

0.03
0.04
0.02

0.06

0.04

0.02
T
0.07
0.03
T

T

0.06
T

T
0.02

0.03

0.05
0.03
0.04
0.05
0.03
0.03

0.03
0.03
0.03

0.04

0.04
0.02
0.08
0.05

0.04

0.07
0.04
0.02
0.02
0.06
0.03
0.03

0.04
0.04
0.07
0.03

T

0.10
T
0.04

0.10
0.03
0.07
0.04

0.02

0.06
0.02
T
T
0.08
0.02

0.03

0.02
0.03
0.03

0.
0.

0.
0.
0.
0.
0.
T

T

02
10

05
03
04
08
06

0.04
0.07
T
0.05
0.04
0.05

0.18
T

0.03
0.08

0.15

0.04

0.02
0.

0.
T
0.

0.
0.
0.
0.
T

02

29

02

02
03
04
12

0.15

0.09

0.03
0.02
0.03

Mean

0.016
0.017
0.070
0.012
0.076
0.010
0.044
0.030
0.073
0.021
0.005
0.014
0.044
0.017
0.013
0.019
0.002
0.028
0.010
0.024
0.017
0.009
0.008
0.031
0.010
0.044
0.008
0.058
0.023
0.035
0.025
0.040
0.010
0.028
0.035
0.048
0.017



TABLE 7D-1. (continued)

Category

186
187
188
189
190
191
192
193
194

195
196
197
198
199
200
201

Food

Pumpkin pie
Candy, milk chocolate
Candy, caramels
Chocolate powder
Gelatin dessert
Soda pop, cola, canned
Soda pop lemon- lime, canned
Soft drink powder
Soda pop, cola, low cal.,
canned

Coffee, instant
Coffee, instant, decaf.
Tea
Beer, canned
Wine
Whiskey
Water

Lead concentration*
(pg/g)

0.05
0.09

0.06
0.02

0.13

0.05

0.02
0.03
0.02
T

0.02
0.04
0.04
0.03

0.02
0.02
0.02

0.02

0.02

0.02
0.03

0.03
0.09
0.04
0.08
T

0.02

0.03

0.05 0.03 0.05 0.03 0.06
0.11 0.08 0.05 0.05 0.07
0.05 0.02 0.06 0.03 0.03

0.07 0.07 0.07 0.06
T

0.02

T

0.03 0.04 0.03 0.05 0.09
T

0.01

Mean

0.040
0.073
0.034
0.055
0.006
0.004
0.023
0.007

0.011
0.002
0.004
0.002
0.007
0.041
0.005
0.004

Individual values for four Market Basket Surveys. "T" means only a trace detected, missing value means below
detection limit.
Means determined by ERA using 0.002 (% of detection limit) for values below detection limit and 0.01 for detection
of trace value. j



TABLE 70-2. SCHEME FOR THE CONDENSATION OF 201 CATEGORIES OF
FOOD FROM TABLE 70-1 INTO 9 CATEGORIES

Whole

Dairy

Meat

1-12,

13-37

164, 167

Category

, 174, 176, 177 0.
0.

0.

1
3

1

Partial

(68-70, 152)
(144, 146),

(143, 155),

>
0

0

Category

0.2 (151
.5 (156)

.2 (144,

, 178-187)

146, 151,

Food Crops

Canned Foods

Canned Juices

Frozen Juices

Soda

Canned Beer

Water

38, 40-44, 46-54, 57-67,
71-81, 83, 85, 86, 88, 89, 91,
92, 94-97, 107-111, 113-117,
121, 123-128, 132-141, 159-163
165, 166, 168-173, 175, 188-190

39, 45, 55, 56, 82, 84, 87, 90,
93, 106, 112, 118-120, 122,
129-131

99, 101, 102, 104

98, 100, 103, 105

191, 192, 194

198

193, 195-197, 199-201

178-187), 0.3 (68-70, 145, 153, 154,
158), 0.4 (152) 0.5 (150), 0.6 (142,
147, 148, 149)

0.2 (148), 0.3 (142, 144, 146,
149-151), 0.4 (147), 0.5 (143,
152), 0.6 (68-70, 178-187),
0.7 (153, 154)

0.1 (142, 145, 149), 0.2 (144, 148,
150, 151), 0.5 (155-157)

0.1 (151), 0.2 (146), 0.4 (143,
155), 0.5 (157), 0.6 (145),
0.7 (158)
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8. EFFECTS OF LEAD ON ECOSYSTEMS

8.1 INTRODUCTION
8.1.1 Scope of Chapter 8

This chapter describes the potential effects of atmospheric lead inputs on several types
of ecosystems. An effect is any condition attributable to lead that causes an abnormal
physiological response in individual organisms or that perturbs the normal processes of an
ecosystem. A distinction is made among natural, cultivated, and urban ecosystems, and extend-
ed discussions are included on the mobility and bioavailability of lead in ecosystems.

There are many reports on the effects of lead on individual populations of plants and
animals and a few studies on the effects of lead in simulated ecosystems or microcosms.
However, the most realistic studies are those that examine the effects of lead on entire
ecosystems, as they incorporate all of the ecological interactions among the various popu-
lations and all of the chemical and biochemical processes relating to lead (National Academy
of Sciences, 1981). Unfortunately, these studies have also had to cope with the inherent
variability of natural systems and the confounding frustrations of large-scale projects.
Consequently, there are only a handful of ecosystem studies on which to base this report.

Effects at the ecosystem level are usually seen as a form of stress. In nearly every
case of stress caused by pollutants, the initial effect is to cause cytological or biochemical
changes in specific cells of individual organisms. McLaughlin (1985) has summarized some of
the effects on forest ecosystems that have been caused by air pollutants. Examples of cyto-
logical or biochemical changes are reduction in enzyme activity, a change in membrane perme-
ability or osmotic potential, or -j loss of organelle integrity. These cellular changes cause
some disruption of physiological function, such as photosynthesis, respiration, transpiration,
roo:'. uptake, the -pening and closing of stomata, or a disruption of resource allocation, such
as jrowth, reproduction, or defense mechanisms. In turn, the growth of the individual may be
directly or indirectly affected, either in amount, timing, or quality. These effects on the
individual cm cause a change in the productivity of the entire community. Some of the expec-
ted affects on the community as a whole or populations within the community might be reduced
growth, increased mortaMty, unbalanced competition, delayed succession, or reduced rate of
reproduction

Because of the complexity of processes that can affect an ecosystem, it is difficult to
predict the mechanism by which a specific air pollutant might influence an ecosystem. General
categories of affects are those that predispose an ecosystem to stress, those that incite
stress, and those that contribute directly to stress (from Manion, 1981, as modified by
McLaughlin, 1985). Examples of predisposition are chronic weakening caused by changes in
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climate, soil moisture, soil nutrients, or competition. Inciting factors are triggering
episodes, such as insect defoliation, frost, drought, mechanical injury or increased salinity.
Those factors that directly contribute to effects generally do so by accelerating the process-
es already taking place, such as infections of bark beetles, canker fungi, viruses, root decay
fungi, or increased competition. As a general rule, air pollutants are either predisposing or
inciting types of agents and are noticed only when a change is triggered by the effect of the
pollutant. The effects of air pollutants may go unnoticed for decades, causing only a chronic
weakening that cannot be detected by normal methods of evaluating ecosystem stability.

The principle sources of lead entering an ecosystem include the following: the atmo-
sphere (largely from automotive emissions), paint chips, spent ammunition, the application of
fertilizers and pesticides, and the careless disposal of lead-acid batteries or other indus-
trial products. Atmospheric lead is deposited on the surfaces of vegetation as well as on
ground and water surfaces. In terrestrial ecosystems, this lead is transferred to the upper
layers of the soil surface, where it may be retained for a period of several years. The move-
ment of lead within ecosystems is influenced by the chemical and physical properties of lead
and by the biogeochemical processes within the ecosystem. Lead is persistent, but in the
appropriate chemical environment, may undergo transformations that affect its solubility
(e.g., formation of lead sulfate in soils), its bioavailability (e.g., chelation with humic
substances), or its toxicity (e.g., chemical methylation).

Because the effects of lead on ecosystems begin with some initial effect on specific
cells of individuals within the ecosystem, there are a number of mechanisms or strategies
whereby individuals or populations may have developed a resistance to lead toxicity. Wood
(1984) has described six potential strategies for resistance to toxic metals: 1) the cell may
pump the metal out through the cell membrane, a process that requires energy; 2) the metal may
be enzymatically oxidized or reduced to a less toxic form; 3) the cell may synthesize a poly-
mer to trap and remove the metal; 4) the metal may be bound to the cell surface; 5) the metal
may be precipitated as an insoluble metal complex; 6) the metal may be biomethylated and
transported through the cell membrane by diffusion a process that requires less energy than
actively pumping. The evidence for the biomethylation of lead is circumstantial at best and
clearly not conclusive (Craig and Wood, 1981, Reisinger et al., 1981, Chau, 1986).

The previous Air Quality Criteria for Lead (U.S. Environmental Protection Agency, 1977)
recognized the problems of atmospheric lead exposure incurred by all organisms including man.
Emphasis in the chapter on ecosystem effects was given to reports of toxic effects on specific
groups of organisms, e.g. domestic animals, wildlife, aquatic organisms, and vascular and non-
vascular plants. Forage containing lead at 80 ug/g dry weight was reported to be lethal to
horses, whereas 300 ug/g dry weight caused lethal clinical symptoms in cattle. This report
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w i l l attempt to place the data in the context of sublethal effects of lead exposure, to extend
the conclusions to a greater variety of domestic animals, and to describe the types and ranges
of exposures in ecosystems likely to present a problem for domestic animals.

Research on lead' in wildlife has traditionally fallen into the following somewhat arti-
ficial categories, waterfowl; birds and small mammals; fish; and invertebrates. In all these
categories, no correlation could be made in the 1977 report between toxic effects and environ-
mental concentrations. Some recent toxicity studies have been completed on fish and inverte-
brates and the data are reported below, but there is still little information on the levels of
lead that can cause toxic effects in small mammals or birds.

Information on the relationship between soil lead and plants can be expanded somewhat
beyond the 1977 report, primarily due to a better understanding of the role of humic sub-
stances in binding lead. Although the situation is extremely complex, it is reasonable to
state that most plants cannot survive in soil containing 10,000 ug/g dry weight if the pH is
below 4.5 and the organic content is below 5 percent. The specifics of this statement are
discussed more extensively in Section 8.3.1.2.

Before 1977, natural levels of lead in environmental media other than soil were not well
Known. Reports of sublethal effects of lead were sparse and there were few studies of total
ecosystem effects Although several ecosystem studies have been completed since 1977 and many
problems have bee1 overcome, it is still difficult to translate observed effects under-speci-
fic conditions directly to predicted effects in ecosystems. Some of the known effects, which
are documented in detail in the appropriate sections, are summarized here.
8.1.1.1 Plants. The basic effect of lead on plants is to stunt growth. This may be through
a reduction of photosynthetic rate, inhibition of respiration, cell elongation, or root deve-
lopment, or premature senescence. Lead tolerance in ecotypes suggests some effects on popula-
tion genetics A' of these effects have been observed in isolated cells or in hydroponically-
grown plant:; in solutions comparable to 1 to 2 ̂ g/g soil moisture. These concentrations are
•.vail above t^ose , ormally found in any ecosystem except near smelters or roadsides. Terres-
t r i a l plant', take- up lead from the soil moisture *nd most of this lead is retained by the
root's Thero i; jome evidence for foliar uptake of lead and little evidence that lead can be
translocated ^eely to the upper portions of the plant. Soil applications of calcium and
phosphorus may reduce the uptake of lead by roots.
•S.I. 1.2 Am'ma Is Lead affects the central nervous system of animals and their ability to
j>iitrssize ^ed blood cells. Blood concentrations above 0.4 ppm (40 ug/dl) can cause observ-
ibV clinical symptoms in domestic animals. Calcium and phosphorus can reduce the intestinal
absorption of lead. The physiological effects of lead exposures in laboratory animals are
discussed in extensive detail in Chapters 10 and 12 of this document.
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8.1.1.3 Microorganisms. There is evidence that lead at environmental concentrations occa-
sionally found near roadsides and smelters [10,000 - 40,000 ug/g dw (dry weight)] can elimi-
nate populations of bacteria and fungi on leaf surfaces and in soil. Many of those micro-
organisms play key roles in the decomposition food chain. It is likely that the affected
microbial populations are replaced by others of the same or different species, perhaps less
efficient at decomposing organic matter. There is also evidence that microorganisms can
mobilize lead by making it more soluble and more readily taken up by plants. This process
occurs when bacteria exude organic acids that lower the pH in the immediate vicinity of the
plant root.

8.1.1.4 Ecosystems. There are three known conditions under which lead may perturb ecosystem
processes. At soil concentrations of 1,000 ug/g or higher, delayed decomposition may result
from the elimination of a single population of decomposer microorganisms. Secondly, at con-
centrations of 500 - 1,000 ug/g, populations of plants, microorganisms, and invertebrates may
shift toward lead-tolerant populations of the same or different species. Finally, the normal
biogeochemical process that purifies and repurifies the calcium pool in grazing and decomposer
food chains may be circumvented by the addition of lead to vegetation and animal surfaces.
This third effect can be measured at all ambient atmospheric concentrations of lead.

Some additional effects may occur due to the uneven distribution of lead in ecosystems.
It is known that lead accumulates in soil, especially soil with high organic content.
Although no firm documentation exists, it is reasonable to assume the following from the known
chemistry of lead in soil: 1) other metals may be displaced from the binding sites on the
organic matter; 2) the chemical breakdown of inorganic soil fragments may be retarded by the
interference of lead with the action of fulvic acid on iron-bearing crystals; and 3) lead in
soil may be in equilibrium with moisture films surrounding soil particles and thus be avail-
able for uptake by plants.

To aid the reader in understanding the effects of lead on ecosystems, sections have been
included that discuss such important matters as how ecosystems are organized, what processes
regulate metal cycles, what criteria are valid in interpreting ecosystem effects, and how soil
systems function to regulate the controlled release of nutrients to plants. The informed
reader may wish to turn directly to Section 8.3, where the discussion of the effects of lead
on organisms begins. /

8.1.2 Ecosystem Functions
8.1.2.1 Types of Ecosystems. Based on ambient concentrations of atmospheric lead and the dis-
tribution of lead in the soil profile, it is useful to distinguish among three types of eco-
systems: natural, cultivated, and urban. Natural ecosystems include aquatic and terrestrial
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ecosystems that are otherwise unperturbed by man, and those managed ecosystems, such as com-
mercial forests, grazing areas, and abandoned fields, where the soil profile has remained un-
disturbed for several decades. Cultivated ecosystems include those where the soil profile is
frequently disturbed and those where chemical fertilizers, weed killers, and pest-control
agents may be added. In urban ecosystems, a significant part of the exposed surface includes
rooftops, roadways, and parking lots from which runoff, if not channeled into municipal waste
processing plants, is spread over relatively small areas of soil surface. The ambient air
concentration of lead in urban ecosystems is 5 - 1 0 times higher than in natural or cultivated
ecosystems (See Chapter 7). Urban ecosystems may also be exposed to lead from other than
atmospheric sources, such as paint, discarded batteries, and used motor oil. The effects of
atmospheric lead depend on the type of ecosystems examined.
8.1.2.2 Energy Flow and Biogeochemical Cycles. To function properly, ecosystems require an
adequate supply of energy, which continually flows through the system, and an adequate supply
of nutrients, which for the most part, cycle within the ecosystem. There is evidence that
lead can interfere with both of these processes. Energy usually enters the ecosystea in the
form of sunlight and leaves as heat of respiration. Stored chemical energy may be transported
into or out of an ecosystem (e.g. , leaf detritus in a stream) or be retained by the ecosystem
for long periods of time (e.g., tree trunks). Energy flow through an ecosystem may give
structure to the ecosystem by establishing food webs that efficiently regulate the transfer
of energy. Segments of these food webs are called food chains. Energy that flows along a
grazing food chair is diverted at each step to the detrital food chain.

Unlike energy, nutrient and non-nutrient elements are recycled by the ecosystem and
transferred from ;eservoir to reservoir in a pattern usually referred to as a biogeochemical
cycle 'Brewer, 1979, p. 139). The reservoirs correspond approximately to the food webs of
energy flow Although elements may enter (e.g., weathering of soil) or leave the ecosystem
(.e j. , strewn runoff), the greater fraction of the available mass of the element is usually
cycled withi'i the ecosystem.

Two important characteristics of a reservoir are the amount of the element that may be
stored in the reservoir and the rate at which the element enters or leaves the reservoir.
Some reservo i r-5 may contain a disproportionately large amount of a given element. For exam-
ple most of the carbon in a forest is bound in the trunks and roots of trees, whereas most of
the ca'cium ciay be found in the soil (Smith, 1980, p. 316). Some large storage reservoirs,
juoi as s o i l , are not actively involved in the rapid exchange of the nutrient eleuent, but
serve as a reserve source of the element through the slow exchange with a more active reser-
voir, such as soil moisture. When inputs exceed outputs, the size of the reservoir increases.
Increases of a single element may reflect instability of the ecosystem. If several elements
increase simultaneously, this expansion may reflect stable growth of the community.
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Reservoirs are connected by pathways that represent real ecosystem processes. Figure
8-1 depicts the biogeochemical reservoirs and pathways of a typical terrestrial ecosystem.
Most elements, especially those with no gaseous phase, do not undergo changes in oxidation
state and are equally available for exchange between any two reservoirs, provided a pathway
exists between the two reservoirs. The chemical environment of the reservoir may, however,
regulate the availability of an element by controlling solubility or binding strengths. This
condition is especially true for soils.

Ecosystems have boundaries. These boundaries may be as distinct as the border of a pond
or as arbitrary as an imaginary circle drawn on a map. Many trace metal studies are conducted
in watersheds where some of the boundaries are determined by topography. For atmospheric
inputs to terrestrial ecosystems, the boundary is usually defined as the surface of vegeta-
tion, exposed rock, or soil. The water surface suffices for aquatic ecosystems.

Non-nutrient elements differ little from nutrient elements in their biogeochemical cy-
cles. Quite often, the cycling patterns are similar to those of a major nutrient. In the
case of lead, the reservoirs and pathways are very similar to those of calcium.

There are three important questions concerning the effect of lead on ecosystems: Does
atmospheric lead interfere with the normal mechanisms of nutrient cycles? How does atmo-
spheric lead influence the normal lead cycle in an ecosystem? Can atmospheric lead interfere
with the normal flow of energy through an ecosystem?
8.1.2.3 Biogeochemistry of Lead. Naturally occurring lead from the earth's crust is commonly
found in soils and the atmosphere. Lead may enter an ecosystem by weathering of parent rock
or by deposition of atmospheric particles. This lead becomes a part of the nutrient medium of
plants and the diet of animals. All ecosystems receive lead from the atmosphere. More than
99 percent of the current atmospheric lead deposition is non due to human activities (National
Academy of Sciences, 1980). In addition, lead shot from ammunition may be found in many
waterways and popular hunting regions, leaded paint chips often occur in older urban regions,
and lead in fertilizer may contaminate the soil in agricultural regions.

In prehistoric times, the contribution of lead from weathering of soil was probably about
4 g Pb/ha-yr and from atmospheric deposition about 0.02 g Pb/ha-yr, based on estimates of
natural and anthropogenic emissions in Chapter 5 and deposition rates discussed in Chapter 6.
Weathering rates are presumed to have remained the same, but atmospheric inputs are believed
to have increased to 180 g/ha-yr in natural and some cultivated ecosystems, and 3,000 g/ha-yr
in urban ecosystems and along roadways (see Chapter 6). In every terrestrial ecosystem of the
Northern Hemisphere, atmospheric lead deposition now exceeds weathering by a factor of at
least 10, sometimes by as much as 1,000.
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Figure 8-1. This figure depicts cycling processes within the major components of a terrestrial
ecosystem, i.e. primary producers, grazers and decomposers. Nutrient and non-nutrient
elements are stored in reservoirs within these components. Processes that take place within
reservoirs regulate the flow of elements between reservoirs along established pathways. The
rate of flow is in part a function of the concentration in the preceding reservoir. Lead
accumulates in decomposer reservoirs (D^D^ which have a high binding capacity for this
metal. When the flow of nutrients is reduced at I, II. or III, the rate of flow of inorganic
nutrients to primary producers is reduced.

Source Adapted from Swift et al. (1979).
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Many of the effects of lead on plants, microorganisms, and ecosystems arise from the fact
that lead from atmospheric and weathering inputs is retained by soil. Geochemical studies
show that less than 3 percent of the inputs to a watershed leave by stream runoff (Siccama and
Smith, 1978; Shirahata et al., 1980). In prehistoric times, stream output nearly equalled
weathering inputs and the lead content of soil probably remained stable, accumulating at an
annual rate of less than 0.1 percent of the original natural lead (reviewed by Nriagu, 1978).
Due to human activity, lead in natural soils now accumulates on the surface at an annual rate
of 5 - 10 percent of the natural lead. One effect of cultivation is that atmospheric lead is
mixed to a greater depth than the 0 - 3 cm of natural soils.

Most of the effects on grazing vertebrates stem from the deposition of atmospheric parti-
cles on vegetation surfaces. Atmospheric deposition may occur by either of two mechanisms.
Wet deposition (precipitation scavenging through rainout or washout) generally transfers lead
directly to the soil. Dry deposition transfers particles to all exposed surfaces. Large
particles (>4 (jm) are transferred by gravitational mechanisms; small particles (<0.5 urn) are
also deposited by wind-related mechanisms.

About half of the foliar dry deposition remains on leaf surfaces following normal rain-
fall (Elias et al., 1976; Peterson, 1978), but heavy rainfall may transfer the lead to other
portions of the plant (Elias and Croxdale, 1980). Koeppe (1981) has reviewed the literature
and concluded that less than 1 percent of the surface lead can pass directly into the internal
leaf tissues of higher plants. The cuticular layer of the leaves may be an effective barrier
to aerosol particles and even to metals in solution on the leaf surface (Arvik and Zimdahl,
1974), and passage through the stomata does not appear to account for a significant fraction
of the lead inside leaves (Carlson et al., 1976; 1977).

When particles attach to vegetation surfaces, transfer to soil is delayed from a few
months to several years. Due to this delay, large amounts of lead are diverted to grazing
food chains, bypassing the soil moisture and plant root reservoirs (Elias et al., 1982).

8.1.3 Criteria for Evaluating Ecosystem Effects
As it is the purpose of this chapter to describe the levels of atmospheric lead that may

produce adverse effects in plants, animals, and ecosystems, it is necessary to establish the
criteria for evaluating these effects. The first step is to determine the connection between
air concentration and ecosystem exposure. If the air concentration is known, ecosystem inputs
from the atmosphere can be predicted over time and under normal conditions. These inputs and
those from the weathering of soil determine the concentration of lead in the nutrient media of
plants, animals, and microorganisms. It follows that the concentration of lead in the nutri-
ent medium determines the concentration of lead in the organism and this in turn determines
the effects of lead on the organism.
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The fundamental nutrient medium of a terrestrial ecosystem is the soil moisture film
that surrounds organic and inorganic soil particles. This film of water is in equilibrium
with other soil components and provides dissolved inorganic nutrients to plants. It is chemi-
cally different than ground water or rain water and there is little reliable information on
the relationship between lead in soil and lead in soil moisture. Thus, it appears impossible
to quantify all the steps by which atmospheric lead is transferred to plants. Until more
information is available on lead in soil moisture, another approach may be more productive.
This involves determining the degree of contamination of organisms by comparing the present
known concentrations with calculated prehistoric concentrations.

Prehistoric concentrations of lead have been calculated for only a few types of organ-
isms. However, the results are so low that any normal variation, even of an order of magni-
tude, would not seriously influence the calculation of the degree of contamination. The link
between lead in the prehistoric atmosphere and in prehistoric organisms may allow us to pre-
dict concentrations of lead in organisms based on present or future concentrations of
atmospheric lead.

It is reasonable to infer a relationship between degree of contamination and physio-
logical effect. It seems appropriate to assume that natural levels of lead that were safe
for organisms in prehistoric times would also be safe today. It is also reasonable that some
additional atmospheric lead can be tolerated by all populations of organisms with no ill
effects, that some populations are more tolerant than others, and that some individuals within
populations are more tolerant of lead effects than others.

For nutrient elements, the concept of tolerance is not new. The Law of Tolerance
(illustrated in Figure 8-2) states that any nutrient may be present at concentrations either
too low or too high for a given population and that the ecological success of a population is
greatest at some optimum concentration of the nutrient (Smith, 1980, p. 35). In a similar
manner, the principle applies to non-nutrient elements. Although there is no minimum concen-
tration below which the population cannot survive, there is a concentration above which the
success of the population will decline (point of -(initial response) and a concentration at
which the entire population will die (point of absolute toxicity). In this respect, both
nutrients and non-nutrients behave in a similar manner at concentrations above some optimum.

Certain variables make the points of initial response and absolute toxicity somewhat
imprecise. The po:nt of initial response depends on the type of response investigated. This
response may be at the molecular, tissue, or organismic level, with the molecular response
occurring at the lowest concentration. Similarly, at the point of absolute toxicity, death
may occur instantly at high concentrations or over a prolonged period of time at somewhat
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Figure 8-2. The ecological success of a population depends in part on the availability
of all nutrients at some optimum concentration. The dashed line of this diagram
depicts the rise and decline of ecological success (the ability of a population to grow,
survive and reproduce) over a wide concentration range of a single element. The
curve need not be symmetrically bell-shaped, but may be skewed to the right or left.
Although the range in concentration that permits maximum success may be much
wider than shown here, the important point is that at some high concentration, the
nutrient element becomes toxic. The tolerance of populations for high concentrations
of non-nutrients (solid line) is similar to that of nutrients, although there is not yet
any scientific basis for describing the exact shape of this portion of the curve.

Source: Adapted from Smith (1980).
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lower concentrations. Nevertheless, the gradient between these two points remains an appro-
priate basis on which to evaluate known environmental effects, and any information that
correctly positions this part of the tolerance curve will be of great value.

The normal parameters of a tolerance curve, i.e., concentration and ecological success,
can be replaced by degree of contamination and percent physiological dysfunction, respectively
(Figure 8-3). Use of this method of expressing degree of contamination should not imply that
natural levels are the only safe levels. It is likely that some degree of contamination can
be tolerated with no physiological effect.
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Data reported by the National Academy of Sciences (1980) are used to determine the typi-
cal natural lead concentrations shown in various compartments of ecosystems in Table 8-1.
These data are from a variety of sources and are simplified to the most probable value within
the range reported by NAS. The actual prehistoric air concentration was probably near the low
end of the range (0.02-1.0 ng/m3), as present atmospheric concentrations of 0.3 ng/m3 in the
Southern Hemisphere and 0.07 ng/m3 at the South Pole (Chapter 5), would seem to preclude natu-
ral lead values higher than this.
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TABLE 8-1. ESTIMATED NATURAL LEVELS OF LEAD IN ECOSYSTEMS

Component Range Best estimate

Air 0.01-1.0 ng/m3 0.07

Soil
Inorganic 5-25 ug/g 12.0
Organic 1 ug/g 1-0
Soil moisture 0.0002 ug/g 0.0002

Plant leaves 0.01-0.1 |jg/g dw 0.05

Herbivore bones 0.04-0.12 ug/g dw 0.12

Carnivore bones 0.01-0.03 ug/g dw 0.03

Source: Ranges are from the National Academy of Sciences (1980); best estimates are
discussed in the text. Units for best estimates are the same as for ranges.

In prehistoric times, the rate of entry of lead into the nutrient pool available to
plants was predominantly determined by the rate of weathering of inorganic minerals in frag-
ments of parent rock material. Geochemical estimates of denudation and adsorption rates
(Chapter 6) suggest a median value of 12 ug/g as the average natural lead content of total
soil, with the concentration in the organic fraction at approximately 1 ug/g.

Studies have shown the lead content of leafy vegetation to be 90 percent anthropogenic,
even in remote areas (Crump and Barlow, 1980; Elias et al., 1976, 1978). The natural lead
content of nuts and fruits may be somewhat higher than leafy vegetation, based on internal
lead concentrations of modern samples (Elias et al., 1982). The natural lead concentrations
of herbivore and carnivore bones were reported by Elias et al. (Elias and Patterson, 1980;
Elias et al., 1982). These estimates are based on predicted Pb/Ca ratios calculated from the
observed biopurification of calcium reservoirs with respect to Sr, Ba, and Pb, on the system-
atic evaluation of anthropogenic lead inputs to the food chain (Section 8.5.3), and on
measurements of prehistoric mammalian bones.

8.2 LEAD IN SOILS AND SEDIMENTS
8.2.1 Distribution of Lead in Soils

Because lead in soil is the source of most effects on plants, microorganisms, and eco-
systems, it is important to understand the processes that control the accumulation of lead in
soil. The major components of soil are the following: 1) fragments of inorganic parent rock
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material; 2) secondary inorganic minerals; 3) organic constituents, primarily humic sub-
stances, which are residues of decomposition or products of decomposer organisms; 4) Fe-Mn
oxide films, which coat the surfaces of all soil particles and appear to have a high binding
capacity for metals; 5) soil microorganisms, most commonly bacteria and fungi, although
protozoa and soil algae may also be found; and 6) soil moisture, the thin film of water sur-
rounding soil particles that is f.he nutrient medium of plants. Some watershed studies con-
sider that fragments of inorganic parent rock material lie outside the forest ecosystem,
because transfer from this compartment is so slow that much of the material remains inert for
centuries.

The concentration of natural lead ranges from 5 to 30 M9/9 in the top 5 cm of most soils
not adjacent to ore bodies, where natural lead may reach 800 |jg/g. Aside from surface deposi-
tion of atmospheric particles, plants in North America average about 0.5-1 ug/g dw
(Peterson, 1978) and animals roughly 2 M9/9 (Forbes and Sanderson, 1978). Thus, soils contain
the greater part of total ecosystem lead. In soils, lead in parent rock fragments is tightly
bound within the crystalline structures of the inorganic soil minerals. It is released to the
ecosystem only by surface contact with soil moisture films.

The evidence for atmospheric inputs of lead to soil rests mainly with the accumulation of
lead in the soil profile. There are several reports that lead accumulates in the upper
layers, usually about 2-5 cm, of the soil, just below the litter layer. This is the soil
layer that is usually highest in organic content. Many soils develop by podzolization, char-
acterized by distinct soil horizons caused by the separation and segretation of organic and
inorganic compounds, including metal salts and metal-organic complexes. Siccama et al.,
(1980) and Friedland et al. (1984a, 1984b), found that lead in the forest floors (the litter
layer above the mineral soil) of iNew England have increased during the 1960-1980 at about the
same rate that atmospheric concentrations of lead increased. Friedland et al. (1984a, 1984b)
found that copper, zinc, and nickel also increased over the same time period, as did the total
organic content. They concluded that lead and perhaps other metals may have inhibited
decomposition.

Soils adjacent to smelters may be contaminated at a distance of several kilometers away
from the source and to a depth of ten or more centimeters. Hogan and Wotton (1984) found
elevated concentrations of lead at a distance of 38 kilometers from a Cu-Zn smelter on the
surface of the soil, and up to six kilometers at a depth of fifteen centimeters. McNeilly
et al. (1984) reported an exponential decrease in lead concentrations of surface soil from 0
to 75 meters for mine spoils. Effects of the spoils were detectable even at a depth of 20
centimeters.
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Hutchinson (1980) has reviewed the effects of acid precipitation on the ab lity of soils
to retain cations. Excess calcium and other metals are leached from the A horizon of soils by
rain with a pH more acidic than 4.5. Most soils in the eastern United States are normally
acidic (pH 3.5 to 5.2) and the leaching process is a part of the complex equilibrium main-
tained in the soil system. By increasing the leaching rate, acid rain can reduce the availa-
bility of nutrient metals to organisms dependent on the top layer of soil. Tyler (1978)
reports the effect of acid rain on the leaching rate (reported as residence time) for lead and
other metals. Simulated rain of pH 4.2 to 2.8 showed the leaching rate for lead increases with
decreasing pH, but not nearly as much as that of other metals, especially Cu, Mn, and Zn.
This would be as expected from the high stability constant of lead relative to other metals in
humic acids (see Section 6.5.1). It appears from this limited information that acidification
of soil may increase the rate of removal of lead from the soil, but not before several major
nutrients are removed first. The effect of acid rain on the retention of lead by soil mois-
ture is not known.

8.2.2 Origin and Availability of Lead in Aquatic Sediments
Atmospheric lead may enter aquatic ecosystems by wet or dry deposition (Oolske and

Sievering, 1979) or by the erosional transport of soil particles (Baier and Healy, 1977). In
waters not polluted by industrial, agricultural, or municipal effluents, the lead concentra-
tion is usually less than 1 ug/1. Of this amount, approximately 0.02 ug/1 is natural lead and
the rest is anthropogenic lead, probably of atmospheric origin (Patterson, 1980). Surface
waters mixed with urban effluents may frequently reach lead concentrations of 50 ug/1, and
occasionally higher (Bradford, 1977).

In aqueous solution, virtually all lead is divalent, as tetravalent lead can exist only
under extremely oxidizing conditions (reviewed by Rickard and Nriagu, 1978; Chapter 3). At pH
higher than 5, divalent lead can form a number of hydroxyl complexes, most commonly PbOH ,
Pb(OH)2, and Pb(OH)3". At pH lower than 5, lead exists in solution as hydrated Pb. In still
water, lead is removed from the water column by the settling of lead-containing particulate
matter, by the formation of insoluble complexes, or by the adsorption of lead onto suspended
organic particles. The rate of sedimentation is determined by temperature, pH, oxidation-
reduction potential, ionic competition, the chemical form of lead in water, and certain bio-
logical activities (Jenne and Luoma, 1977). McNurney et al. (1977) found 14 ug Pb/g in stream
sediments draining cultivated areas and 400 ug/g in sediments associated with urban eco-
systems. Small sediment grain size and high organic content contributed to increased reten-
tion in sediments.
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8.3 EFFECTS OF LEAD ON PLANTS
8.3.1 Effects on Vascular Plants and Algae

Some physiological and biochemical effects of lead on vascular plants have been detected
under laboratory conditions at concentrations higher than normally found in the environment.
The commonly reported effects are the inhibition of photosynthesis, respiration, or cell elon-
gation, all of which reduce the growth of the plant (Koeppe, 1981). Lead may also induce
premature senescence, which may affect the long-term survival of the plant or the ecological
success of the plant population. To provide a meaningful evaluation of these effects, it is
necessary to examine the correlation between laboratory conditions and typical conditions in
nature with respei.t to form, concentration, and availability of lead. First, the reader must
understand what is known of the movement of lead from soil to the root to the stem and finally
to the leaf or flower. Most notably, there are specific barriers to lead at the soil:soil
moisture interface and at the root:shoot interface that retard the movement of lead and reduce
the impact of leat' on photosynthetic and meristematic (growth and reproduction) tissue.
8.3.1.1 Uptake by Plants. Most, of the lead in or on a plant occurs on the surfaces of leaves
and the trunk or stem. The surface concentration of lead in trees, shrubs, and grasses
exceeds the internal concentration by a factor of at least five (Elias et al., 1978). Foliar
uptake was believed to account for less than 1 percent of the uptake by roots (Arvik and
Zimdahl, 1974; reviewed by Koeppe, 1981; Zimdahl, 1976). Krause and Kaiser (1977) were able
to show foliar uptake and translocation of lead mixed with cadmium, copper, and manganese
oxides when applied in extremely large amounts (122 mg/m2) directly to leaves. This would be
comparable to 100,000 days accumulation at a remote site (0.12 ng/cm2-d) (Elias et al., 1978).
However, recent isjtopic evidence by Facchetti and Geiss (1982) and Patterson (1982) and mass
balance interpretations from watershed data (Lindberg and Harriss, 1981) suggest that lead can
be absorbed scros; the leaf surface into internal plant tissues. Nevertheless, the major
effect of surface lead at ambient concentrations seems to be on subsequent components of the
grazing food chai i (Section 8.4.1) and on the decomposer food chain following litterfall
(Elias et a 1 , 1982). (See also Section 8.4.2.) ,

in the -.oil, the availability of metals to plants is generally controlled by the concen-
tration and form of the metal, which are in turn influenced by such soil forming processes as
gleyiny, leaching, podzolization, and the accumulation of organic matter at the surface.
Other1 factors such as pH and the presence of other cations may also be important. The amount
of leau that enters plants by this route is determined by the availability of lead in soil,
with apparent variations according to plant species. Soil cation exchange capacity, a major
factor-, is determined by the relative size of the clay and organic fractions, soil pH, and the
amount of Fe-Mn oxide films present (Nriagu, 1978). Of these, organic humus and high soil pH
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are the dominant factors in immobilizing lead (see Section 6.5.1). Under natural conditions,
most of the total lead in soil would be tightly bound within the crystalline structure of
inorganic soil fragments, unavailable to soil moisture. Available lead, bound on clays,
organic colloids, and Fe-Mn films, would be controlled by the slow release of bound lead from
inorganic rock sources. Since before 3000 B.C., atmospheric lead inputs through litter decom-
position have increased the pool of available lead bound on organic matter within the soil
reservoir (see Section 5.1).

Because lead is strongly immobilized by humic substances, only a small fraction (perhaps
0.01 percent in soils with 20 percent organic matter, pH 5.5) is released to soil moisture
(see Section 6.5.1). In soil moisture, lead may pass along the pathway of water and nutrient
uptake on either a cellular route through the cell membranes of root hairs (symplastic route)
or an extracellular route between epidermal cells into the intercellular spaces of the root
cortex (apoplastic route) (Foy et al., 1978). Lead probably passes into the symplast by mem-
brane transport mechanisms similar to the uptake of calcium or other bivalent cations.

In soils with lead concentrations within the range of natural lead (15-30 ug/g), only
trace amounts of lead are absorbed by plants. The amount absorbed increases when the concen-
tration of lead in soil increases or when the binding capacity of soil for lead decreases.
Uptake by root systems does not necessarily mean the lead reaches the stems, leaves or fruits.
Rather, the process should be seen as a soil-plant continuum that strongly favors retention of
lead by the soil and the root system.

When viewed from the perspective of the uptake of nutrients such as calcium, there are at
least three mechanisms whereby lead can be taken up by roots: transpirational mass flow,
diffusion, and active transport (Jenny, 1980). Probably the most significant is transpira-
tional mass flow. In the process of absorbing and transporting water from the soil to the
leaves, the plant absorbs relatively large amounts of ions in solution. Since plants take up
about 100 times their weight in water each growing season, this process could account for
twice the normal amounts of lead found in vegetation, assuming equilibrium between the soil
and the soil solution. For example, a lettuce plant transpired 100 liters of water during the
season, which contained 5000 ug of lead (Rabinowitz, 1972). But the plant itself contained
only 2500 ug, most of which was in the roots.

Diffusion can occur along a concentration gradient whenever the transpiration stream is
idle, e.g., during the night or during periods of high humidity. Because the concentration of
lead in the soil solution is usually higher than in the plant, and because lead bound on the
cellulose matrix of the cell wall would not effect the concentration gradient, the flow of
lead would probably be toward the root. Although the third mechanism, active transport, is an
.important process for nutrient elements, there is no evidence that such a process occurs for
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lead or any other non-nutrient. This process requires energy, and it is unreasonable that a
plant would expend energy to take up non-nutrient elements.

The soil-root continuum is a complex structure that consists of the soil particles, the
soil solution, the mutigel or other remnants of root exudates, the epidermal cells with elon-
gated root hairs, and the root cortial cells. The walls of the epidermal cells are a loose
matrix of cellulose and hemicelluiose fibers. Much of this continuum is of biological origin
and contains compounds active in ion exchange, such as hemicelluloses and pectic substances
that are heavily endowed with -COOH groups, and proteins that also have charged groups. As a
cation moves from the soil particle to the root cortex, whether by mass flow or diffusion, it
is continually proximate to root structures with a high binding capacity. Lead is more tight-
ly bound at these sites than .other cations, even calcium. Consequently, relatively little
lead passes through the roots into the shoot. It appears that most of the soil lead is
retained within the root. However, some plants may allow more lead to translocate than
others. Rabinowitz (1972) found that for lettuce and wild oats growing in soils with in-
creasing lead concentrations, the lettuce translocated very little soil lead but the wild oats
translocated proportionately greater amounts. The author was able to distinguish isotopically
between soil and atmospheric lead, and found also that more than half the lead in plants,
after water washing, was of atmospheric origin when the plants were grown at 30 meters from a
freeway.

At 500 ug Pb/g nutrient solution, lead has been shown to accumulate in the cell walls of
germinating Raphinus sativus roots (Lane and Martin, 1982). This concentration is much higher
than that found by Wong and Bradshaw (1982) to cause inhibition of germinating root elongation
(less than 2.5 ug/g), absence of root growth (5 M9/9). or 55 percent inhibition of seed ger-
mination (20-40 (jy/9) in the rye grass, Colium perenne. Lane and Martin (1982) also observed
ledd in cytoplasmic organelles that because of their osmiophillic properties, appeared to have
a ,torage functio-i. It was suggested that the organelles eventually emptied their contents
into the tonoplast

rhe accumulation of lead in cell walls and cytoplasmic bodies has also been observed in
blue-yreen algae by Jensen et al. (1982), who used X-ray energy dispersive analysis in con-
j^nclion wltli scanning electron microscopy to observe high concentrations of lead and other
mer.al<' in these single-celled procaryotic organisms. They found the lead concentrated in the
th'-d of the four-layered cell wall and in polyphosphate bodies (not organelles, since they
ar. not membrane-bound) which appeared to be a storage site for essential metals. The nutri-
eiu 'solution contained 100 M9 Pb/9- The same group (Rachlin et al. , 1982) reported morpholo-
gual changes in the same blue-green alga (Plectonema boryanum). There was a significant
increase in cell size caused by the lead, which indicated that the cell was able to detoxify
its cytoplasm by excreting lead with innocuous cell wall material.
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It appears that two defensive mechanisms may exist in the roots of plants for removing
lead from the stream of nutrients flowing to the above-ground portions of plants: lead may be
deposited with cell wall material exterior to the individual root cells, or may be sequestered
in organelles within the root cells. Any lead not captured by these mechanisms would likely
move with nutrient metals cell-to-cell through the symplast and into the vascular system.

Uptake of lead by plants may be enhanced by symbiotic associations between plant roots
and mycorrhizal fungi. The three primary factors that control the uptake of nutrients by
plants are the surface area of the roots, the ability of the root to absorb particular ions,
and the transfer of ions through the soil. The symbiotic relationship between mycorrhizal
fungi and the roots of higher plants can increase the uptake of nutrients by enhancing all
three of these factors (Voigt, 1969). The typical ectomycorrhiza consists of a mantle or
sheath of mycelia that completely surrounds the root. The physical extension of the sheath
may increase the volume of the root two to three times (Voigt, 1969). Mycorrhizal roots often
show greater affinities for nutrients than do uninfected roots of the same species grown in
the same conditions. In many soil systems, where the bulk of the nutrients are bound up in
parent rock material, efficient uptake of these nutrients by plants depends on the ability of
organisms in the rhizosphere (plant roots, soil fungi, and bacteria) to increase the rates of
weathering. Mycorrhizal fungi are known to produce and secrete into their environment many
different acidic compounds (e.g., malic and oxalic acids). In addition, mycorrhizal roots
have been shown to release more carbon dioxide into the rhizosphere than do non-mycorrhizal
roots as a result of their increased rates of respiration. Carbon dioxide readily combines
with soil moisture to produce carbonic acid. All of these acids are capable of increasing the
weathering rates of soil particles such as clays, and altering the binding capacity of organici
material, thereby increasing the amount of nutrients and other cations in the soil solution.
Mycorrhizae are known to enhance the uptake of zinc by pine roots (Bowen et al., 1974), and it
is likely that lead uptake is similarly increased, by inference to the ability of mycorrhizae
to enhance the uptake of calcium by pine roots (Melin and Nilsson, 1955; Melin et al., 1958).

The translocation of lead to aboveground portions of the plant is not clearly understood.
Lead may follow the same pathway and be subject to the same controls as a nutrient metal such
as calcium. This assumption implies that the plant root has no means of discriminating
against lead during the uptake process, and it is not known that any such discrimination
mechanism exists. There may be several mechanisms, however, that excrete lead back out of the
root or that prevent its translocation to other plant parts. The primary mechanisms may be
storage in cell organelles or adsorption on cell walls. The apoplast contains an important
supply of plant nutrients, including water. Lead in the apoplast remains external to the
cells and cannot pass to vascular tissue without at least passing through the cell membranes
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of the endodermis. Because this extracellular region is bounded on all sides by cell walls,
the surface of which is composed of layers of cellulose strands, the surface area of the
apoplast is comparable to a sponge. It is likely that much of the lead in roots is adsorbed
to the apoplast surface. Dictyosomes (cytoplasmic organelles that contain cell wall
material) may carry lead from inside the cell through the membrane to become a part of the
external cell wall (Malone et al., 1974), possibly replacing calcium in calcium pectate. Lead
may also be stored and excreted as lead phosphate in dictyosome vesicles (Malone et al.,
1974). Nevertheless, some lead does pass into the vascular tissue, along with water and
dissolved nutrients, and is carried to physiologically active tissue of the plant.

Evidence that lead in contaminated soils can enter the vascular system of plants and be
transported to above-ground parts may be found in the analysis of tree rings. Rolfe (1974)
found fourfold increases in both rural and urban trees, comparing 10-year increments of annual
rings for the period 1910-20 to annual rings of the period 1963-73. Symeonides (1979) found a
twofold increase from 1907-17 to 1967-77 in trees at a high-lead site, with no increase in
trees from a low-lead site. Baes and Ragsdale (1981), using only ring porous species, found
significant post-1930 increases in Quercus and Carya with high lead exposure, but only in
Carya with low-lead exposure. These chronological records confirm that lead can be translo-
cated from roots to the upper portions of the plant and that the amounts translocated are in
proportion to the concentrations of lead in soil.
8.3.1.2 Physiological Effects on Plants. Because most of the physiologically active tissue of
plants is involved in growth, maintenance, and photosynthesis, it is expected that lead might
interfere with one or more of these processes. Indeed, such interferences have been observed
under optima! growth conditions in laboratory experiments at lead concentrations greater than
those normally found in the field, except near smelters or mines (Koeppe, 1981). It is likely
that because these are the physiological processes studied more vigorously than others, more
is known of these effects. Studies of lead effects on other plant processes, especially main-
tenance, flowering, and hormone development, have not been conducted and no conclusion can be
reached concerning these processes.

Inhibition of photosynthesis by lead may be by direct interference with the light reac-
tion or the indirect interference with carbohydrate synthesis. With 21 ug Pb/g reaction solu-
tion, Miles et al. (1972) demonstrated substantial inhibition of photosystem II near the site
of water splitting, a biochemical process believed to require manganese. Homer et al. (1979)
found a second effect on photosystem II at slightly higher concentrations of lead. This
effect was similar to that of DCMU [3-(3,4-dichlorophenyl)-l,l-dimethylurea], a reagent com-
monly used to uncouple the photosynthetic electron transport system. Bazzaz and Govindjee
(1974) suggested that the mechanism of lead inhibition was a change in the conformation of the
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thylakoid membranes, separating and isolating pigment systems I and II. Wong and Govindjee
(1976) found that lead also interferes with P700 photooxidation and re-reduction, a part of
the photosystem I light reaction. Homer et al. (1981) found a lead tolerant population of the
grass Phalaris arundinacea had lowered the ratio of chlorophyll a/chlorophyll b, believed to
be a compensation for photosystem II inhibition. There was no change in the total amount of
chlorophyll, but the mechanism of inhibition was considered different from that of Miles et
al. (1972). Hampp and Lendzian (1974) found that lead chloride inhibits the synthesis of
chlorophyll b more than that of chlorophyll a at concentrations up to 100 mg Pb/g. Devi
Prasad and Devi Prasad (1982) found 10 percent inhibition of pigment production in three spe-
cies of green algae at 1 ug/g, increasing to 50 percent inhibition at 3 ug/g. Bazzaz et al.
(1974, 1975) observed reduced net photosynthesis which may have been caused indirectly by
inhibition of carbohydrate synthesis. Without carbohydrates, stomatal guard cells remain
flaccid, transpiration ceases, carbon dioxide fixation decreases, and further carbohydrate
synthesis is inhibited.

In the quantification of growth inhibition, one can measure either the concentration of
lead in the nutrient medium or in the tissue that is growth inhibited. Lead concentrations in
the nutrient medium relate directly to the degree of environmental contamination, but the more
precise measurement is in the tissue, since there would be a more direct correlation between
the lead concentration and the physiological processes inhibited. Burton et al. (1983) deter-
mined that when tissue concentrations in the shoots of Sitka-spruce seedlings exceeded about
20 ug Pb/g dw, growth inhibition became significant, and lethal at about 40 ug/g. This narrow
range between the onset of inhibition and lethality was attributed to the sequestering of lead
in the roots and shoots up to 19 ug/g, above which any additional lead would be more available
and extremely toxic. The stunting of plant growth may be by the inhibition of the growth
hormone IAA (indole-3-ylacetic acid). Lane et al. (1978) found a 25 percent reduction in
elongation at 10 ug/g lead as lead nitrate in the nutrient medium of wheat coleoptiles. This
effect could be reversed with the addition of calcium at 18 ug/g. Lead may also interfere
with plant growth by reducing respiration or inhibiting cell division. Miller and Koeppe
(1971) and Miller et al. (1975) showed succinate oxidation inhibition in isolated mitochondria
as well as stimulation of exogenous NADH oxidation with related mitochondrial swelling.
Hassett et al. (1976), Koeppe (1977), and Malone et al. (1978) described significant inhibi-
tion of lateral root initiation in corn. Inhibition increased with the simultaneous addition
of cadmium.

Sung and Yang (1979) found that lead at 1 ug/g can complex with and inactivate ATPase to
reduce the production and utilization of ATP in kidney bean (Phaseolus vulgaris) and buckwheat
leaves (Fagopyrum esculentum). The lead was added hydroponically at concentrations up to
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1,000 ug/g. Kidney bean ATPase showed a continued response from 1 to 1,000 ug/g, but buck-
wheat leaves showed little further reduction after 10 M9/9- Neither extracted ATP nor chemi-
cally added ATP could be used by the treated plants. Lee et al. (1976) found a 50 percent
increase in the activity of several enzymes related to the onset of senescence in soybean
leaves when lead was added hydroponically at 20 ug/g. These enzymes were acid phosphatase,
peroxidase, and alpha-amylase. A build-up of ammonia was observed along with a reduction in
nitrate, calcium, and phosphorus. Glutamine synthetase activity was also reduced by 65 per-
cent. Continued increases in effects were observed up to 100 ug/g, including a build-up of
soluble protein. Paivb'ke (1979) also observed a 60 percent increase in acid phosphatase acti-
vity during the first 6 days of pea seedling germination (Pisum sativum) at 2 ug/g, under low
nutrient conditions. The accumulation of soluble protein was observed and the effect could be
reversed with the addition of nutrients, including calcium.

Scarponi and Perucci (1984) reported that lead can interfere with the synthesis of ALA-
dehydratase in corn, but does not appear to affect the activity of this enzyme. This enzyme
catalyzes the conversion of 6-aminolevulinic acid to porphobilinogen, an intermediate in
chlorophyll synthesis. The concentration of lead was above 10,000 ug/1 in the nutrient solu-
tion.

The interaction of lead with calcium has been shown by several authors, most recently by
Garland and Wilkins (1981), who demonstrated that calcium could partially overcome the effects
of lead on growth in barley seedlings (Hordeum vulgare). Seedlings that were growth-inhibited
at 2 ug Pb/g sol. with no added calcium, grew at about half the control rate with 17 ug Ca/g
sol. This relation persisted up to 25 ug Pb/g sol. and 500 ug Ca/g sol.

Chaney and Strickland (1984) measured the effects of lead on the germination on red pine
pollen. Following exposure in an aqueous nutrient medium, two parameters were measured:
pollen germination and germ tube elongation. Pollen germination was inhibited by greater than
10 percent only at relatively high concentrations of lead, about 1,000 ug/1, but the most
significant effect was shown for germ tube elongation, which showed 10 percent inhibition at
about 150 ug/1. ,

These studies of the physiological effects of lead on plants all show some effect at
concentrations from 2 to 10 ug/g in the nutrient medium of hydroponically-grown agricultural
plants. It is probable that no effects would have been observed at these concentrations had
the lead solutions been added to normal soil, where the lead would have been bound by humic
substances. There is no firm relationship between soil lead and soil moisture lead, because
each soil type hai, a unique capacity to retain lead and to release that lead to the soil
moisture film surrounding the soil particle. Once in soil moisture, lead seems to pass freely
to the plant root according to the capacity of the plant root to absorb water and dissolved
substances (Koeppe, 1981).
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Chapter 6 discusses the many parameters controlling the release of lead from soil to soil
moisture, but so few data are available on observed lead concentrations in soil moisture that
no model can be formed. It seems reasonable that there may be a direct correlation between
lead in hydroponic media and lead in soil moisture. Hydroponic media typically have an excess
of essential nutrients, including calcium and phosphorus, so that movement of lead from hydro-
ponic media to plant root would be equal to or slower than movement from soil moisture to
plant root. Hughes (1981) adopted the general conclusion that extractable soil lead is typi-
cally 10 percent of total soil lead. However, this lead was extracted chemically under lab-
oratory conditions more rigorous than the natural equilibrium between soil and soil moisture.
Ten percent should therefore be considered the upper limit, where the ability of soil to
retain lead is at a minimum. A lower limit of 0.01 percent is based on the only known report
of lead in both soil and soil moisture (16 M9/9 soil, 1.4 ng/g soil moisture; Elias et al.,
1982). This single value shows neither trends with different soil concentrations nor the soil
component (organic or inorganic) that provides the lead to the soil moisture. But the number
(0.01 percent) is a conservative estimate of the ability of soil to retain lead, since the
conditions (pH, organic content) were optimum for retaining lead. A further complication is
that atmospheric lead is retained at the surface (0-2 cm) of the soil profile (Martin and
Coughtrey, 1981), whereas most reports of lead in soil pertain to samples from 0 to 10 cm as
the "upper" layer of soil. Any plant that absorbs solely from the top few centimeters of soil
obviously is exposed to more lead than one with roots penetrating to a depth of 25 cm or more.
Agricultural practices that cultivate soil to a depth of 25 cm blend in the upper layers with
lower to create a soil with average lead content somewhat above background.

These observations lead to the general conclusion that even under the best of conditions
where soil has the highest capacity to retain lead, most plants would experience reduced
growth rate (inhibition of photosynthesis, respiration, or cell elongation) in soils of 10,000
^ig Pb/g or greater. Khan and Frankland (1983) observed stunted growth in radish plants at
1000 ug Pb/g soil when the lead was added as chloride, with complete growth inhibition at
5000 pg/g. The effects were less severe when lead oxide was added to the soil. Concentra-
tions approaching these values typically occur around smelters (Martin and Coughtrey, 1981)
and near major highways (Wheeler and Rolfe, 1979). These conclusions pertain to soil with the
ideal composition and pH to retain the maximum amount of lead. Acid soils or soils lacking
organic matter would inhibit plants at much lower lead concentrations.

The rate at which atmospheric lead accumulates in soil varies from 1.1 mg/m2-yr average
global deposition (Table 6-6) to 3,000 mg/m2-yr near a smelter (Patterson et al., 1975).
Assuming an average density of 1.5 g/cm3, undisturbed soil to a depth of 2 cm (20,000 cm3/m2)
would incur an increase in lead concentration at a rate of 0.04 to 100 (jg/g soil-yr. This
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means remote or rural area soils may never reach the 10,000 ug/g threshold but that undis-
turbed soils closer to major sources may be within range in the next 50 years.
8.3.1.3 Lead Tolerance in Vascular Plants. Some plant species have developed populations
tolerant to high-lead soils (Antonovics et al., 1971). In addition to Homer et al. (1981)
cited above, Jowett (1964) found populations of Agrostis tenuis in pure stands on acidic spoil
banks near an abandoned mine The exclusion of other species was attributed to root inhibi-
tion. Population; of A. tenuis from low-lead soils had no tolerance for the high-lead soils.
Several other studies suggest that similar responses may occur in populations growing in
lead-rich soils (-eviewed in Peterson, 1978). A few have suggested that crops may be culti-
vated for their resistance to higb-lead soils (Gerakis et al., 1980; John, 1977).

Using populations taken from mine waste and uncontaminated control areas, some authors
have quantified the degree of tolerance of Agrostis tenuis (Karataglis, 1982) and Festuca
rubra (Wong, 198?) under controlled laboratory conditions. Root elongation was used as the
index of tolerance. At 36 ug Pb/g nutrient solution, all populations of A. tenuis were com-
pletely inhibited At 12 ug Pb/g, the control populations from low-lead soils were completely
inhibited, but ths populations from mine soils achieved 30 percent of their normal growth
(growth at no lead in nutrient solution). At 6 ug/g, the control populations achieved 10 per-
cent of their normal growth; tolerant populations achieved 42 percent. There were no measure-
ments below 6 ug/rj. Wong (1982) measured the index of tolerance at one concentration only,
2.5 )jg Pb/g nutrient solution, and found that non-adapted populations of Festuca rubra that
had grown on soils with 47 ug/g cotal lead content were completely inhibited, populations from
s o i l s with 350 - b50 ug/g achieved 3-7 percent of normal growth, and populations from 5,000
ug/g soil achieved nearly 40 percent of normal growth. Tolerance indices should be used with
caution because chey depend on two measurements that may be genetically independent.
Humphreys and N i c l o l l s (1984) suggested that different genes regulated root elongation in a
control solution ar-d in the heavy-metal solution.

These M,udies support the conclusion that inhibition of plant growth begins at a lead
concentration of less than 1 ug/g soil moisture and becomes completely inhibitory at a level
between 3 ano 10 j-g/g Plant populations that are genetically adapted to high-lead soils may
achieve 50 percent of their normal root growth at lead concentrations above 3 ug/g. These
experiments did not, show the effect of reduced root growth on total productivity, but they did
shoi that, axpoaurr to high-lead soils is a requirement for genetic adaptation and that, at
lea^t in the case of £. rubra, plant lead concentrations increase with increasing concentra-
tions in the soil.

There are a few plants known to be hyperaccumulators of metals (Reeves and Brooks, 1983).
These plants appear to show no adverse effects even when their tissue concentrations reach
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1000 ug/g dry weight. About 100 species of plants are known to hyperaccumulate nickel, fif-
teen each for copper and cobalt. Reeves and Brooks (1983) describe two species that hyper-
accumulate lead and mention three others reported in the literature. The fact that many of
these species belong to the genus Alyssum suggests a genetic mechanism of metal tolerance.
8.3.1.4 Effects of Lead on Forage Crops. In the 1977 Air Quality Criteria Document for Lead
(U.S. Environmental Protection Agency, 1977), there was a general awareness that most of the
lead in plants was surface lead from the atmosphere. Most studies since then have addressed
the problem of distinguishing between surface and internal plant lead. The general conclusion
is that, even in farmlands remote from major highways or industrial sources, 90 - 99 percent
of the total plant lead is of anthropogenic origin (National Academy of Sciences, 1980).
Obviously, the critical agricultural problem concerns forage crops and leafy vegetables. In
Great Britain, Crump and Barlow (1982) determined that, within 50 m of the highway, surface
deposition is the major source of lead in forage vegetation. Beyond this range, seasonal
effects can obscure the relative contribution of atmospheric lead. The atmospheric deposition
rate appears to be much greater in the winter than in the summer. Two factors may explain
this difference. First, deposition rate is a function of air concentration, particle size
distribution, windspeed, and surface roughness. Of these, only particle size distribution is
likely to be independent of seasonal effects. Lower windspeeds or air concentration during
the summer could account for lower deposition rates. Second, it may be that the deposition
rate only appears to change during the summer. With an increase in biomass and a greater
turnover in biomass, the effective surface area increases and the rate of deposition, which is
a function of surface area, decreases. During the winter, lead may not build up on the sur-
face of leaves as it does in summer, even though the flux per unit of ground area may be the•*
same.
8.3.1.5 Effects on Algae. Sicko-Goad and Lazinsky (1981) have presented cytological evidence
that lead can be incorporated into polyphosphate bodies in some algal species (Diatoma tenue
var. elongatum, Scenedesmus sp.), presumably as a tolerance mechanism. They also report the
immobilization of lead in cell vacuoles. At high concentrations (207 ug/g), Roderer (1984a)
found deformations of cell organelles, especially nuclei and mitochondria, and increased
autolytic activity in the chrysophyte Poterioochromonas malhamensis, a unicellular alga. In
the same study, organolead compounds, TriEL and TEL were found to cause an increase in nuwber
and size of nuclei, contractile vacuoles, chloroplasts and dictyosomes, as well as a marked
accumulation of lipid droplets and lysosomes. The concentrations for these effects were 10 uM
TriEL and 100 uM TEL. Similar results were reported in a review of the toxic effects of
organolead compounds by Roderer (1984b).
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8.3.1.6 Summary of Plant Effects. When soil conditions allow lead concentrations in soil
moisture to exceed 2 - 1 0 ug/g, most plants experience reduced growth due to the inhibition of
one or more physiological processes. Excess calcium or phosphorus may reverse the effect.
Plants that absorb nutrients from deeper soil layers may receive less lead. Acid rain is not
likely to release more lead until after major nutrients have been depleted from the soil. A
few species of plants have the genetic capability to adapt to high lead soils.

8.3.2 Effects on Bacteria and Fungi
Wood and Wang (1983) discuss possible mechanisms for microbial resistance to metals,

noting that some metals (e.g., Al, Pb, Sn, Be) occur at crustal abundances greater than other
metals known to be required nutrients. Abundance alone is not a sufficient condition for the
evolution of a nutritive requirement. A second condition is solubility in anaerobic condi-
tions. Except at low pH, aluminum, lead, and tin are insoluble in an anaerobic solution and
would not have been available to primitive microorganisms during the early stages of their
evolution.
8.3.2.1 Effects on Decomposers. Tyler (1972) explained three ways in which lead might inter-
fere with the normal decomposition processes in a terrestrial ecosystem. Lead may be toxic to
specific groups of decomposers, it may deactivate enzymes excreted by decomposers to break
down organic matter, or it may bind with the organic matter to render it resistant to the
action of decomposers. Because lead in litter may selectively inhibit decomposition by soil
bacteria at 2,000 - 5,000 ug/g (Smith, 1981, p. 160), forest floor nutrient cycling processes
may be seriously disturbed near lead smelters (Bisessar, 1982; Watson et al., 1976). This is
especially important because approximately 70 percent of plant biomass enters the decomposer
food chain (Swift et al., 1979, p. 6). If decomposition of the biomass is inhibited, then
much of the eneryy and nutrients remain unavailable to subsequent components of the food
chain. There is also the possibility that the ability of soil to retain lead would be re-
duced, as humic substances are byproducts of bacterial decomposition.

Babich et al. (1983) introduced the concept of ecological dose as it applies to the
effects of metals on ecological processes in soil. The inhibition of microbe-mediated pro-
cesses can be used to quantify the effects of environmental pollutants on natural ecosystems.
The ecological dose 50 percent (Ec050) is the concentration of a toxicant that inhibits a
microbe-mediated ecological process by 50 percent. Since microbes are an integral part of the
biogeochemical cycling of elements and the flow of energy through an ecosystem, they are an
important indicator of the productivity of the ecosystem. This concept is superior to the
lethal dose (LD) concept because it is based on an assemblage of heterogeneous populations
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that are important to the ecosystem and that might be comparable to similar population assem-
blages of other ecosystems. The LD concept relies on the elimination of a single population
that may be insignificant to the ecosystem or not comparable to other ecosystems.

Using published data, Babich et al. (1983) determined that the EcD50 for nitrification
inhibition was 100 u<j/g as soluble lead extracted from soil, based on the data of Chang and
Broadbent (1982). The data of Doelman and Haanstra (1979) suggested an EcOso for inhibition
of respiration ranging from 0 to 7,500 ug/g total lead in soil, depending on the soil type.
Peat soils showed no inhibition, sandy soils showed the most.

During decomposition, plant tissues are reduced to resistant particulate matter, as solu-
ble organic and inorganic compounds are removed by the chemical action of soil moisture and
the biochemical action of microorganisms (Odum and Drifmeyer, 1978). Each group of micro-
organisms specializes in the breakdown of a particular type of organic molecule. Residual
waste products of one group become the food for the next group. Swift et al. (1979, p. 101)
explained this relationship as a cascade effect with the following generalized pattern (Figure
8-4). Organisms capable of penetrating hard or chemically resistant plant tissue are the
primary decomposers. These saprotrophs, some of which are fungi and bacteria that reside on
leaf surfaces at the initial stages of senescence, produce a wide range of extracellular
enzymes. Others may reside in the intestinal tract of millipedes, beetle larvae, and termites
capable of mashing plant tissue into small fragments. The feces and remains of this group and
the residual plant tissue are consumed by secondary decomposers, i.e., the coprophilic fungi,
bacteria, and invertebrates (including protozoa) specialized for consuming bacteria. These
are followed by tertiary decomposers. Microorganisms usually excrete enzymes that carry out
this digestive process external to their cells. They are often protected by a thick cell
coat, usually a polysaccharide. Because they are interdependent, the absence of one group in
this sequence seriously affects the success of subsequent groups, as well as the rate at which
plant tissue decomposes. Each group may be affected in a different way and at different lead
concentrations. Lead concentrations toxic to decomposer microbes may be as low as 1 - 5 ug/g
or as high as 5,000 ug/g (Doelman, 1978).

Crist et al. (1985) found no inhibition due to lead during the early stages of deciduous
leaf decomposition. Green leaves were ground to a compost and innoculated with microbes from
the same location. Loss of biomass was about 30 percent after 18 weeks for the controls and
all lead concentrations (0 to 1,000 ug/g) of lead added as lead sulfate. The sulfate salt was
considered the most common form of lead available to the decomposing leaves in the natural
system. No intermediate biomass measurements were made, however. In another study, Doelman
and Haanstra (1984) observed an initial inhibition of decomposition, measured by soil respira-
tion, during the first eight weeks, followed by nearly complete recovery by about 70 weeks.
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This effect was greatest for sandy and sandy loam soils, somewhat mediated in clay and sandy
peat soils and virtually nonexistent in silty loam soils. No effects were observed below
1,000 ug/g. I" this case, lead was added as the chloride salt.

Some studies have measured the effects of lead on specific decomposition enzymes or sub-
strates. Haanstra and Doelman (1984) reported 50 percent inhibition (doubling of decomposi-
tion time) or glutamic acid decomposition in sandy soils at 3,500 ug/g. There was a small but
distinct effect in clay soils and no effect in a calcareous silty loam soil. Frankenburger
and Tabutabai (1985) measured a 5 percent inhibition of free soil atnidase at about 1,000 ug/g
soil. Bacterial amidase was inhibited 30 percent at about 800 mg Pb/1 substrate/enzyme
system.

Under conditions of mild contamination, the loss of one sensitive bacterial population
may result in its replacement by a more lead-tolerant strain. Inman and Parker (1978) found
that litter transplanted from a low-lead to a high-lead site decayed more slowly than high-
lead litter suggesting the presence of .1 lead-sensitive microorganism at the low-lead site.
When high-lead litter was transplanted to the low-lead site, decomposition proceeded at a rate
faster- than the low-lead litter at the low-lead site. In fact, the rate was faster than the
high-load letter <H the high-lead site, suggesting even the lead-tolerant strains were some-
what inhibited. The long-term effect is a change in the species composition of the ecosystem,
which vi 11 be considered in greater detail in Section 8.5.3.

Delayed decomposition has been reported near smelters (Jackson and Watson, 1977), mine
waste dumps (Williams et al., 1977), and roadsides (Inman and Parker, 1978). This delay is
generally in the breakdown of litter from the first stage (Oj) to the second (02), with intact
planf leaves and twigs accumulating at the soil surface. The substrate concentrations at
whiten lead inhibits decomposition appear to be very low. Williams et al. (1977) found inhibi-
tion in 50 percent of the bacterial and fungal strains at 50 M9 Pb/ml nutrient solution. The
community response time for introducing lead-tolerant populations seems very fast, however.
Doelman and Haanstra (1979a,b) found lead-tolerant strains had replaced non-tolerant bacteria
within three years of lead exposure. These new bacteria were predominately thick-coated
gram-negative strains and their effectiveness in replacing lead-sensitive strains was not
evaluated in terms of soil decomposition rates.

t

Tyler (1982) has also shown that many species of wood-decaying fungi do not accumulate
Pb, Ca, Sr, or Mn as strongly as they do other metals, even the normally toxic metal, cadmium.
Accumulation was expressed as the ratio of the metal concentration in the fungus to its sub-
strate. A ratio of greater than one implies accumulation, less than one, exclusion. Of 11
species, manganese was excluded by ten, strontium by nine, lead by eight, and calcium by
seven. Potassium, at the other end of the spectrum, was not excluded by any species. The
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Figure 8-4. Within the decomposer food chain, detritus is progressively broken down in
a sequence of steps regulated by specific groups of decomposers. Because of the cascade
effect of this process, the elimination of any decomposer interrupts the supply of organic
nutrients to subsequent groups and reduces the recycling of inorganic nutrients to plants.
Undecomposed liner would accumulate at the stages preceding the affected decomposer.

Source: Adapted from Swift et al. (1979).

species which appeared to accumulate calcium and lead were described as having harder, less
ephemeral tissues.

This relationship among calcium, strontium, and lead is consistent with the phenomenon of
biopurification described in Section 8.5.2. From the data of Tyler (1982) it appears that
some of the species of fungi receive lead from a source other than the nutrient medium, per-
haps by direct atmospheric deposition.
8.3.2.2 Effects on Nitrifying Bacteria. The conversion of ammonia to nitrate in soil is a
two-step process mediated by two genera of bacteria, Nitrosomonas and Nitrobacter. Nitrate is
required by all plants, although some maintain a symbiotic relationship with nitrogen-fixing
bacteria as an alternate source of nitrogen. Those that do not would be affected by a loss
of free-living nitrifying bacteria, and it is known that many trace metals inhibit this nitri-
fying process (Liang and Tabatabai, 1977,1978). Lead is the least of these, inhibiting nitri-
fication 14 percent at concentrations of 1,000 ug/g soil. Many metals, even the nutrient
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metals, manganese and iron, show greater inhibition at comparable molar concentrations.
Nevertheless, soils with environmental concentrations above 1,000 pg Pb/g are frequently
found. Even a 14 percent inhibition of nitrification can reduce the potential success of a
plant population, as nitrate is usually the limiting nutrient in terrestrial ecosystems. In
cultivated ecosystems, nitrification inhibition is not a problem if nitrate fertilizer is
added to soil, but could reduce tne effectiveness of ammonia fertilizer if the crops rely on
nitrifying bacteria for conversion to nitrates. Rother et al. (1983) found that lead concen-
trations as high as 30,000 ug/g soil did not affect symbiotic nitrogen fixation in white
clover (Trifolium repens).
8.3.2.3 Methylation by Aquatic Microorganisms. While methyllead is not a primary form of
environmental lead, methylation greatly increases the toxicity of lead to aquatic organisms
(Wong and Chau, 1979; Thayer and Brinckman, 1982). There is some uncertainty about whether
the •nechanism of methylation i-j biotic or abiotic. Some reports (Wong and Chau, 1979;
Thompson and Crerar, 1980) conclude that lead in sediments can be methylated by bacteria.
Reisinger et al. (1981) report that biomethylation of lead under aerobic or anaerobic condi-
tions does not occur and such reports are probably due to sul fide-induced chemical conversion
of organic lead salts. These authors generally agree that tetramethyl lead can be formed
under environmental conditions when another tetravalent organolead compound is available, but
methylation of divalent lead salts such as Pb(N03)~ does not appear to be significant. Jarvie
et nl. (1983) also report that, they were unable to produce any definite evidence for bio-
methy'ation of lead.
8.3.2.4 Summary of Effects on Microorganisms. It appears that microorganisms are more sen-
sitive than plants to soil lead pollution and that changes in the composition of bacterial
populations may be an early indication of lead effects. Delayed decomposition may occur at
750 ug Pb/g soil and nitrification inhibition at 1,000 M9/9- Many of the environmental vari-
ables that can raise or lower these estimates are not yet known. In certain chemical en-
vironments, the highly toxic tetramethyllead can be formed, but this process does not appear
to be mediated by aquatic microorganisms.

8.4 EFFECTS OF LEAD ON DOMESTIC AND WILD ANIMALS
8.4.1 Vertebrates
8.4.1.1 Terrestrial Vertebrates. Forbes and Sanderson (1978) have reviewed reports of lead
toxicity in domestic and wild animals. Lethal toxicity can usually be traced to consumption
of lead battery casings, lead-based paints, oil wastes, putty, linoleum, pesticides, lead
shot, or forage near smelters. Except for lead shot ingestion, these problems can be solver1
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by proper management of domestic animals. However, the 3,000 tons of lead shot falling annually
along waterways and other hunting grounds continues to be a problem.

A single pellet of lead shot weighs about 110 mg, and 70 percent of this may be eroded in
ringed turtle dove gizzards over a period of 14 days (Kendall et al., 1982). Their data
showed an immediate elevation of blood lead and reduction of aminolevulinic acid dehydrogenase
(ALA-D) activity within one day of swallowing two pellets. Feierabend (1983) reviewed 97
reports on the effects of lead shot on waterfowl. Of the estimated 80 to 125 million water-
fowl in North America, 1.5 to 38 million die each year from lead poisoning. Many more are
greatly impaired by chronic sublethal exposure. Reichell et al. (1984) reported that 17 of
293 bald eagles sampled had lead concentrations in their liver high enough to suspect lead
poisoning. The 293 specimens were found dead or nearly dead during 1978 to 1983. The most
common causes of death were trauma from being hit by a motor vehicle (20 percent) and shooting
(19 percent). Bjorn et al., (1982) also reported the uptake of lead shot by grazing cattle
near a trapshooting site.

Bull et al. (1983) and Osborn et al. (1983) reported extensive bird mortality that could
be attributed to alkyl lead pollution of the Mersey Estuary in the United Kingdom. Bull
et al. (1983) found 3-18 ug/g alkyl lead in dead birds, 1-14 ug/g in sick birds, and 0.3-
1.2 ug/g in apparently healthy birds. Osborn et al. (1983), in laboratory studies, found that
2000 ug/day alkyl lead in the diet caused heavy mortality and 200 pg/day caused tremors,
impaired balance, and feeding irregularities, although no mortality was observed. Tissue con-
centrations of alkyl lead at the lower dose were in the range of 0.2 to 5.4 ug/g. The authors
concluded that many of the apparently healthy wild birds were experiencing symptoms likely to
impair their chances for survival.

Awareness of the routes of uptake is important in interpreting the exposure and accumula-
tion in vertebrates. Inhalation rarely accounts for more than 10 - 15 percent of the daily
intake of lead (National Academy of Sciences, 1980). Much of the inhaled lead is trapped on
the walls of the bronchial tubes and passes to the stomach embedded in swallowed mucus.
Because lead concentrations in lakes or running stream water are quite low, intake from drink-
ing water may also be insignificant unless the animal drinks from a stagnant or otherwise con-
taminated source.

Food is the largest contributor of lead to animals. The type of food an herbivore eats
determines the rate of lead ingestion. More than 90 percent of the total lead in leaves and
bark may be due to surface deposition, but relatively little surface deposition may be found
on some fruits, berries, and seeds that have short exposure times. Roots intrinsically have
no surface deposition. Similarly, ingestion of lead by a carnivore depends mostly on deposi-
tion on herbivore fur and somewhat less on lead in herbivore tissue. Harrison and Dyer (1984)
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estimated that mule deer grazing in the Rocky Mountain National Park would exceed acceptable
lead exposure by grazing on roadside vegetation for just 1 to 2 percent of the time. This
estimate was based on the assumption that the upper limit of exposure should be 3,000 ug
Pb/day. Mule deer grazing on non-roadside forage would consume about 1,500 ug/day.

The type of Food eaten is a major determinant of lead body burdens in small mammals.
Goldsmith and Scanlon (1977) and Scanlon (1979) measured higher lead concentrations in insect-
ivorous species than in herbivorous species, confirming the earlier work of Quarles et al.
(1974), which showed body burdens of granivores < herbivores < insectivores, and Jeffries and
French (1972) that granivores < herbivores. Animals in these studies were analyzed whole
minus the digestive tract. It is likely that observed diet-related differences were somewhat
diluted by including fur in the analysis, because fur lead might be similar for small mammals
from the same habitats with different feeding habits.

Since 1977, there has been a trend away from whole body analyses toward analyses of iso-
lated tissues, especially bones and blood. Bone concentrations of lead are better than blood
as indicators of long-term exposure. Because natural levels of blood lead are not well known
for animals and blood is not a good indicator of chronic exposure, blood lead is poorly suited
for estimating total body burdens. One experiment with sheep shows the rapid response of
blood to changes in lead ingestion and the relative contribution of food and air to the total
blood level. Ward et al. (1978) analyzed the blood in sheep grazing near a highway (0.9 ug/g
ml) and in an uncontaminated area (0.2 ug/ml). When sheep from the uncontaminated area were
allowed to graze near the roadway, their blood levels rose rapidly (within 1 day) to about 3.0
|jg/ml, then decreased to 2.0 ug/ml during the next 2 days, remaining constant for the remain-
der of the 14-day oeriod. Sheep from the contaminated area were moved to the uncontaminated
area, where upon their blood dropped to 0.5 ug/ml in 10 days and decreased to 0.3 ug/ml during
the next 180 days. Sheep in the uncontaminated area that were fed forage from the roadside
experienced an increase in blood lead from 0.2 to 1.1 ug/ml in 9 days. Conversely, sheep from
the jncontaminated area moved to the roadside but fed forage only from the uncontaminated site
experienced an increase from 0.2 to 0.5 ug/ml in 4 days. These data show that both air and
food contribute to lead in blood and that blood lead concentrations are a function of both the
recent history of lead exposure and the long-term storage of lead in bone tissue.

Beyer et al. (1985) reported a decrease in red blood cell ALA-D activity for 14 small
mammals and 15 songbirds in a habitat near a smelter. There were no changes in packed cell
volume ur hemoglobin concentrations and little evidence of gross or microscopic lesions that
could be attributed to metal poisoning. Intranuclear inclusion bodies were found in a kidney
of one shrew. The soil concentrations at the surface were 1,200-2,700 ug/g. Foliage concen-
trations were 21 M9/9 and the fruits and berries averaged 4 pg/g, a typical pattern for the
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distribution of lead of atmospheric origin. The authors attributed the relatively minor
effects of lead on the animals to the fact that the mice, shrews, and songbirds were eating
primarily fruits and berries, not leaves. They also considered the possibility that popula-
tions of some species had been previously reduced or eliminated by the emissions from the
smelter.

Chmiel and Harrison (1981) showed that, for small mammals, the highest concentrations of
lead occurred in the bones (Table 8-2), with kidney and liver concentrations somewhat less.
They also showed greater bone concentrations in insectivores than herbivores, both at the
control and contaminated sites. Clark (1979) found lead concentrations in shrews, voles, and
brown bats from roadside habitats near Washington, D.C., to be higher than any previously
reported. His estimates of dosages (7.4 mg Pb/kg-day) exceed those that normally cause mor-
tality or reproductive impairment in domestic mammals (1.5-9 mg Pb/g-day) (Hammond and
Aronson, 1964; James et al., 1966; Kelliher et al. , 1973). Traffic density was the same as
reported by Chmiel and Harrison (1981), nearly twice that of Goldsmith and Scanlon (1977)
(Table 8-2). The body lead burden of shrews exceeded mice, which exceeded voles. Beresford
et al. (1981) found higher lead in box turtles within 500 m of a lead smelter than in those
from control sites. Bone lead exceeded kidney and liver lead as in small mammals.

Kusseberth et al. (1984) reported that lead in the bones of small mammals indigenous to a
habitat near a battery reclamation plant decreased exponentially with distance from the
battery plant. The observed pattern was similar to that reported for lead in roadside soils
and vegetation reported in Section 7.2.2.1.1. They also reported findings of intranuclear
inclusions in renal tubular epithelial tissue in one vole and four deer mice.

There are few studies reporting lead in vertebrate tissues from remote sites. Elias et
al. (1976, 1982) reported tissue concentrations in voles, shrews, chipmunks, tree squirrels,
and pine martens from the remote High Sierra. Bone concentrations were generally only 2 per-
cent of those reported from roadside studies and 10 percent of the controls of roadside
studies (Table 8-2), indicating the roadside controls were themselves contaminated to a large
degree. Furthermore, biogeochemical calculations suggest that even animals in remote areas
have bone lead concentrations 50 to 500 times natural background levels. The natural concen-
tration of lead in the bones of herbivores is about 0.04 ng/g dry weight (Table 8-1). This
value may vary regionally with geochemical anomalies in crustal rock, but provides a reason-
able indicator of contamination. Natural levels of lead in carnivore bone tissue should be
somewhat lower, with omnivores generally in between (Elias and Patterson, 1980; Elias et al.,
1982).

Table 8-2 shows the results of several studies of small animal bone tissue. To convert
reported values to a common basis, assumptions were made of the average water content, calcium
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TABLE 8-2. ESTIMATES OF THE DEGREE OF CONTAMINATION OF HERBIVORES,
OMNIVORES, AND CARNIVORES

Data are based on published concentrations of lead in bone tissue (corrected to dry weight as
indicated). Degree of contamination is calculated as observed/natural Pb. Natural lead con-
centrations are from Table 8-1. Concentrations are in ug Pb/g dw.

Organism
Bone

Pb cone. Ref.

Estimated degree of
contamination

bone

Herbivores
Vole-roadside
Vole-roadside

-control
Vole-orchard

-control
Vole-remote
Deer mouse-roadside

-control
Deer mouse-near battery

plant
-control

Deer mouse-roadside
-control

Deer mouse-roadside
-control

Mouse-roadside
-control

Mouse-roadside
-control

Average herbivore
roadside (7)
control (7)
remote (2)

Omnivores/frugivores
Woodmoi: se-roads i de

-control
Compos i te-roads i de

-control
Chipmunk-remote
Tree sqjirrel-remote
Fsral pigeon-urban

-rural
Feral pigeon-urban

-suburan
-rural

38
17
5
73
9
2
25
5

80
2
29
7
52
5
19
9

109
18

41
8
2

67
25
22
3
2
1

670
5

250
33
12

1
2
2
5
5
11
2

.7 2

13
13
3

.2 3
4
4
2

.3 2
2
2

.5

r •
1
1
7
7
1

.3 11
6

.7 6
12
12
12

(continued)
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320
140
42
610
75
17
210
48

650
18
240
60
430
42
160
78
910
150

340
71
17

840
310
280
37
25
16

8400
71

3100
410
150



TABLE 8-2. (continued)

Estimated degree of

Organism

Starl ing- roadside
-control

Rob in- roadside
-control

Sparrow- roadside
-control

Blackbird- roadside
-control

Crackle-roadside
-control

Rats- roadside
-control

Average omnivore
roadside (7)
urban (1)
control (7)
remote (2)

Carnivores
Box turtle-smelter

-control
Egret-rural
Gul 1-rural
Mink-rural
Shrew- roadside

-control
Shrew- roadside

-control
Shrew- remote
Pine marten- remote
Average carnivore

roadside (3)
smelter (1)
rural (2)
control (4)
remote (2)

aDry weight calculated from publ

1. Chmiel and Harrison, 1981
2. Getz et al. , 1977b
3. Welch and Dick, 1975
4. Mierau and Favara, 1975
5. Elfving et al. , 1978
6. Mutton and Goodman, 1980
7. Getz et al. , 1977a

Bone
Pb cone.

210
13
130
41
130
17
90
7
63
22a310a15a

102
670
18
1.7

91' a5 7V
Ualla
1.5
67
12
193
41
4.6
1.4

190
91
11
18
3

ished fresh weights

contamination
Ref.

7
7
7
7
7
7
7
7
7
7
9
9

8
8
10
10
14
2
2
1
1
1
11

assuming 35 percent

8. Beresford et
9. Mouw et al. ,

10. Hulse et al. ,
11. Elias et al . ,
12. Johnson et al

bone

2600
160

1600
510

1600
200
1100
88
790
280

10000
500

1260
8400
230
21

3000
190
400
370
50

2200
400
6400
1400
150
47

6200
3000
385
620
99

water.

al. , 1981
1975
1980
1982
. , 1982b

13. Kisseberth et al. , 1984
14. Ogle et al . , 1985
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concentration, and average crustal concentration. Because ranges of natural concentrations of
lead in bones, plants, soils, and air are known with reasonable certainty (Table 8-1), it is
possible to estimate the degree of contamination of vertebrates from a wide range of habitats.
It is important to recognize that these are merely estimates that do not allow for possible
errors in analysis or anomalies ii; regional crustal abundances of lead.
8.4.1.2 Effects on Aquatic Vertebrates. Lowe et al. (1985) reported the results of a nation-
wide survey of met.il concentrations in freshwater fish during the period 1979 to 1981. At 112
monitoring stations they found an average (geometric mean) of 0.19 ug Pb/g wet weight for the
period 1978-79 anc 0.1" (jg/g for !980-81. Several laboratories have reported experiments that
measure the effects of lead on freshwater fish. Two requirements limit the evaluation of
literature reports of lead effect-; on aquatic organisms. First, any laboratory study should
incorporate the entire life cycle of the organism studied. It is clear that certain stages of
a Mf» cycle are nore vulnerable than others (Hodson, 1979, Hodson et al., 1979). For fish,
the egg or fry is usually most sensitive. Secondly, the same index must be used to compare
results. Christensen et al. (1977) proposed three indices useful for identifying the effects
of lead on organisms. A molecular index reports the maximum concentration of lead causing no
significant biochemical change; residue i ndex is the maximum concentration showing no continu-
ing increase of deposition in tissue; and a bioassay i ndex is the maximum concentration
causing no mortality, qrowth change, or physical deformity. These indices are comparable to
those of physiological dysfunction (molecular, tissue, and organismic) discussed in Section
8.1.3.

From the standpoint of environmental protection, the most useful index is the molecular
index. This index is comparable to the point of initial response discussed previously and is
equivalent to the 'safe concentration" originally described by the U.S. Environmental Protec-
tion Agency (Battelle, 1971) as being the concentration that permits normal reproduction,
growth, and ail otlier life-processes of all organisms. It is unfortunate that very few of the
toxicicy studies in the aquatic literature report safe concentrations as defined above.
Nearly all report levels at which some or all of the organisms die.

Hematological and neurological responses are the most commonly reported effects of ex-
tendea lead exposures in aquatic vertebrates. Hematological effects include the disabling and
destruction of mature red blood cells and the inhibition of the enzyme ALA-0 required for
hemoglobin synthesis. At low exposures, fish compensate by forming additional red blood
eel is. These red blood cells often do not reach maturity. At higher exposures, the fish
become anemic. Symptoms of neurological responses are difficult to detect at low exposure,
but higher exposure can induce neuromuscular distortion, anorexia, and muscle tremors. Spinal
curvature eventually occurs with time or increased concentration (Hodson 1979; Hodson et al.,
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1977). Weis and Weis (1982) found spinal curvature in developing eggs of killifish when the
embryos had been exposed to 10 ug Pb/ml during the first 7 days after fertilization. All
batches showed some measure of curvature, but those that were most resistant to lead were
least resistant to the effects of methyl mercury. Sippel et al. (1983) reported that black fin
and spinal curvature in rainbow trout were the most reliable clinical tests for lead toxicity
at low levels. These effects appear at about 120 ug/1 before effects on red blood cells,
liver function, or histopathological indications in the liver, spleen, kidneys, gills, brain,
spinal cord, or gastrointestinal tract.

The biochemical changes used by Christensen et al. (1977) to determine the molecular
index for brook trout were 1) increases in plasma sodium and chloride and 2) decreases in
gTutamic oxalacetic transaminase activity and hemoglobin. They observed effects at 0.5 ug/1,
which is 20-fold less than the lower range (10 ug/1) suggested by Wong et al. (1978) to cause
significant detrimental effects. Hodson et al. (1978a) found tissue accumulation and blood
parameter changes in rainbow trout at 13 ug/1. This was the lowest experimental level, and
only slightly above the controls, which averaged 4 ug/1. They concluded, however, that
because spinal curvature does not occur until exposures reach 120 ug/1, rainbow trout are ade-
quately protected at 25 ug/1.

Aside from the biochemical responses discussed by Christensen et al. (1977), the lowest
reported exposure concentration that causes hematological or neurological effects is 8 ug/1
(Hodson, 1979). Christensen1s group dealt with subcellular responses, whereas Hodson1s group
dealt primarily with responses at the cellular or higher level. Hodson et al. (1978a) also
reported that lead in food is not available for assimilation by fish, that most of their lead
comes from water, and that decreasing the pH of water (as in acid rain) increases the uptake
of lead by fish (Hodson et al., 19786). Patrick and Loutit (1978), however, reported that
tissue lead in fish reflects the lead in food if the fish are exposed to the food for more
than a few days. Hodson et al. (1980) also reported that, although the symptoms are similar
(spinal deformation), lead toxicity and ascorbic acid deficiency are not metabolically
related.

8.4.2 Invertebrates
Insects have lead concentrations that correspond to those found in their habitat and

diet. Herbivorous invertebrates have lower concentrations than do predatory types (Wade et
al., 1980). Among the herbivorous groups, sucking insects have lower lead concentrations than
chewing insects, especially in regions near roadsides, where more lead is found on the sur-
faces of vegetation. Williamson and Evans (1972) found gradients away from roadsides are not
the same as with vertebrates, in that invertebrate lead decreases more slowly than vertebrate
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lead relative to decreases in soil lead. They also found great differences between major
groups of invertebrates. Wood lice in the same habitat, eating the same food, had eight times
more lead than millipedes.

There are a few isolated reports on the effects of lead on the physiology of insects.
Hopkin and Martir (1984) fed hepatopancreas tissue from the woodlouse Oniscus asellus L. to
centipedes (Lithobius variegatus) and found that the lead was not assimilated by the centipede
but passed directly through the midgut within four days of consumption. The centipedes were
*ed 1 to 16 ug Pb. Bengtsson et al (1983) observed delayed growth in populations of
Onychiurus armatus (Tullb.), a soil insect that feeds on detritus and microorganisms. The
insects were fed a diet of fungi that had been grown on media from 0 to 150 ug Pb/g and had
accumulated mycelial concentrations of 8 to 3100 ug/g in direct proportion to media concentra-
tions. The Fl and F2 generations experienced a marked decline in growth rate, measured as
length versus age. but eventually acheived the same maximum length as the controls. Lead was
stored for the fi<"st two weeks during the life cycle, then excreted. The reduction in growth
rate, or delay in achieving maximum length, was seen to be significant to the reproductive
process because the length at first egg-laying appeared to be relatively constant at 0.90 to
0.97 mm. This evidence suggests that reduced growth rate might be accompanied by delayed
sexual maturity.

The distribution of lead among terrestrial gastropod tissues was reported by Ireland
(1979). He found little difference among the foot, skin, mantle, digestive gland, gonad, and
intestine. There are no reports of lead toxicity in soil invertebrates. In a feeding experi-
ment, however, Coughtrey et al. (1980) found decreased tolerance for lead by microorganisms
from the guts of insects at 800 ug Pb/g food. Many roadside soils fall in this range.

In Cepaea hortensis, a terrestrial snail, Williamson (1979) found most of the lead in the
digestive gland and gonadal tissue. He also determined that these snails can lose 93 percent
of their whole body lead burden in 20 days when fed a low-lead diet in the laboratory. Since
no analyses of the shell were reported, elimination of lead from this tissue cannot be evalu-
ated. A continuation of the stuay (Williamson, 1980) showed that body weight, age, and day-
length influenced t.ie lead concentrations in soft tissues.

fieeby ana Eaves (1983) addressed the question of whether uptake of lead in the garden
s n a i l , He 1ix aspersa, is related to the nutrient requirement for calcium during shell forma-
tion and reproductive activity. They found concentrations of both metals were strongly corre-
lated with cnanges in dry weight and little evidence for correlation of lead with calcium
independent of weigot gain or loss. Lead in the diet remained constant.

Gish anu Chriitensen (1973) found lead in whole earthworms to be correlated with soil
lead, with little rejection of lead by earthworms. Consequently, animals feeding on earth-
worms from high-lead soils might receive toxic amounts of lead in their diets, although there
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was no evidence of toxic effects on the earthworms (Ireland, 1977). Ash and Lee (1980)
cleared the digestive tracts of earthworms and still found direct correlation of lead in
earthworms with soil lead; in this case, soil lead was inferred from fecal analyses. These
authors found differences among species of earthworms. Ireland and Richards (1977) also found
species differences in earthworms, as well as some localization of lead in subcellular organ-
el les of chloragogue and intestinal tissue. In view of the fact that chloragocytes are be-
lieved to be involved with waste storage and glycogen synthesis, the authors concluded that
this tissue is used to sequester lead in the manner of vertebrate livers. Species differences
in whole body lead concentrations could not be attributed to selective feeding or differential
absorption, unless the differential absorption occurs only at elevated lead concentrations.
The authors suggested that the two species have different maximum tolerances for body lead but
gave no indication of physiological dysfunction when the maximum tolerance was reached. In
soils with a total lead concentration of 1,800 ug/g dry weight (Ireland, 1975), Lumbricus
rubellus had a whole body concentration of 3,600 ug/g, while Dendrobaene rubida accumulated
7,600 ug/g in the same location (Ireland and Richards, 1977). Because this difference was not
observed at the control site (15 ug/g soil), it can be assumed that at some soil concentration
between 15 and 1,800 ug/g, different species of earthworms begin to accumulate different
amounts of lead. The authors concluded that D. rubida can simply tolerate higher tissue lead
concentrations, implying that soil concentrations of 1,800 ug/g are toxic to L. rubellus.
This concentration would be considerably lower than soil lead concentrations that cause
effects in plants, and similar to that which can affect soil microorganisms. Ma et al. (1983)
found that the uptake of lead by populations of earthworms near a zinc smelter complex was
related to soil pH and organic content. In the observed range of 3.5 to 6.1, low soil pH
increased the accumulation of lead by I. rubellus. Likewise, for the range of 2.2 to 8.6
percent organic matter, earthworms accumulated more lead when exposed to soil at the lower end
of the range. Kruse and Barrett (1985) measured greater lead concentrations in cleared earth-
worms from sludge-treated soils. The sludge amended soil was 1.5 times the lead content of
the control soil, and the corresponding earthworms were about 3.5 times higher.

Aquatic insects appear to be resistant to high levels of lead in water. To be conclu-
sive, toxicity studies must observe invertebrates through an entire life cycle, although this
is infrequently done. Anderson et al. (1980) found LC5o's for eggs and larvae of Tanytarsus
dissimilis, a chironomid, to be 260 ug/1. This value is 13 - 250 times lower than previously
reported by Warnick and Bell (1969), Rehwoldt et al. (1973), and Nehring (1976). However,
Spehar et al. (1978) found that mature amphipods (Gammarus pseudolimnaeus) responded nega-
tively to lead at 32 ug/1. Fraser et al. (1978) found that adult populations of a freshwater
isopod (Asellus aquaticus) have apparently developed a genetic tolerance for lead in river
sediments.
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Newman and Mclntosh (1982) investigated freshwater gastropods, both grazing and burrow-
ing. Lead concentrations in the grazers (Physa integra, Pseudosuccinea columella, and Helisoma
trivolvis) were more closely correlated with water concentrations than with lead in the food.
Lead in the burrowing species, Campeloma decisurn, was not correlated with any environmental
factor. These authors (Newman and Mclntosh, 1983) also reported that both Physa i ntegra and
Campeloma decisurn are able to eliminate lead from their soft tissue when transferred to a
low-lead medium, but that tissue lead stabilized at a level higher than found in populations
living permanently in the low-lead environment. This would seem to indicate the presence of a
persistent reservoir of lead in the soft tissues of these gastropods. Tessier et al. (1984)
measured metal accumulation in the tissues of the freshwater bivalve Elliptio complanata and
concluded that corcentrations of lead in the bivalve were directly related to concentrations
of lead in that craction of the sediment that can be most easily extracted. The highest
concentrations of lead were in the gills, mantle, and hepatopancreatic tissue. They concluded
further that lead may enter the organism through the gills more so than through the digestive
tract, and that the presence of amorphous iron oxyhydroxides reduces the concentration of
metals in the bivalve tissues by selectively competing for the binding sites.

Everard and Henny (1984) observed that freshwater snails (Lymnaea peregra) accumulate
lead in their digestive glands, feet, and shells when fed a diet enriched with lead. These
snails are efficient grazers of Aufwuchs, the epiflora and epifauna that coat all submerged
surfaces of the euphotic zone. Granular bodies, thought to be precipitated lead phosphate,
were observed in the gut epithelium, gut lumen, digestive gland, and the foot of those snails
fed a lead-n'ch diet, but not in the controls. Snails transferred from a lead-contaminated
environment to a lead-free environment could be cleared of lead in their soft tissues in about
four weeks, but tne concentration of lead in the shells did not decrease. Borgmann et al.
U-978) found increased mortality in a freshwater snail, Lymnaea palutris, associated with
stream water- with a lead content as low as 19 ug/1. Full life cycles were studied to estimate
population productivity. Although individual growth rates were not affected, increased
mortality, especially at the egg hatching stage, effectively reduced total biomass production
at the population level Production was 50 percent at 36 ug/1 and 0 percent at 48 M9 Pb/1.

The relationship between LC50 and initial physiological response is not immediately
oovious. I', is certain that some individuals of a population experience physiological dys-
function at concentrations well below that where half of them die. For example, Biesinger and
Cnnstensen (1972/ observed minimum reproductive impairment in Daphnia at 6 percent of the
LCS,; (450 u^/1) foi this species.
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8.4.3 Summary of Effects on Animals
While it is impossible to establish a safe limit of daily lead consumption, it is reason-

able to generalize that a regular diet of 2-8 mg Pb/kg-day body weight over an extended
period of time (Botts, 1977) will cause death in most animals. Animals of the grazing food
chain are affected most directly by the accumulation of aerosol particles on vegetation sur-
faces and somewhat indirectly by the uptake of lead through plant roots. Many of these
animals consume more than 1 mg Pb/kg-day in habitats near smelters and roadsides, but no toxic
effects have been documented. Animals of the decomposer food chain are affected indirectly by
lead in soil which can eliminate populations of microorganisms preceding animals in the food
chain or occupying the digestive tract of animals and aiding in the breakdown of organic
matter. Invertebrates may also accumultate lead at levels toxic to their predators.

Aquatic animals are affected by lead at water concentrations lower than previously con-
sidered safe (50 pg Pb/1) for wildlife. These concentrations occur commonly, but the contri-
bution of atmospheric lead to specific sites of high aquatic lead is not clear.

8.5 EFFECTS OF LEAD ON ECOSYSTEMS
There is wide variation in the mass transfer of lead from the atmosphere to terrestrial

ecosystems. Even within the somewhat artificial classification of undisturbed, cultivated,
and urban ecosystems, reported fluxes in undisturbed ecosystems vary by nearly 20-fold. Smith
and Siccama (1981) report 270 g/ha-yr in the Hubbard Brook forest of New Hampshire; Lindberg
and Harriss (1981) found 150 g/ha-yr in the Walker Branch watershed of Tennessee; and Elias
et al. (1976) found 15 g/ha-yr in a remote subalpine ecosystem of California. Jackson and
Watson (1977) found 1,000,000 g/ha-yr near a smelter in southeastern Missouri. Getz et al.
(1977c) estimated 240 g/ha-yr by wet precipitation alone in a rural ecosystem largely culti-
vated and 770 g/ha-yr in an urban ecosystem.

One factor causing great variation is remoteness from source, which translates to lower
air concentrations, smaller particles, and greater dependence on wind as a mechanism of depo-
sition (Elias and Davidson, 1980). Another factor is type of vegetation cover. Deciduous
leaves may, by the nature of their surface and orientation in the wind stream, be more suit-
able deposition surfaces than conifer needles. Davidson et al. (1982) discussed the influence
of leaf surface on deposition rates to grasses.

The history of lead contamination in roadside ecosystems has been reviewed by Smith
(1976). Recent studies have shown three areas of concern where the effects of lead on eco-
systems may be extremely sensitive (Martin and Coughtrey, 1981; Smith, 1981). First, decom-
position is delayed by lead, as some decomposer microorganisms and invertebrates are inhibited
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by soil lead. Secondly, the natural processes of calcium biopurification are circumvented by
the accumulation of lead on the surfaces of vegetation and in the soil reservoir. Thirdly,
some ecosystems experience subtle shifts toward lead tolerant plant populations. These pro-
blems all arise berause lead in erosystems is deposited on vegetation surfaces, accumulates in
the soil reservoir and is not removed with the surface and ground water passing out of the
ecosystem. Other potential effects are discussed that may occur because of the long-term
build-up of lead in soil.

8.5.1 Delayed Decomposition
The flow of energy through an ecosystem is regulated largely by the ability of organisms

to trap energy in the form of sunlight and to convert this energy from one chemical form to
another (photosynthesis). Through photosynthesis, plants convert light to stored chemical
energy. Starch is only a minor product of this energy conversion. The most abundant sub-
stance produced by net primary production is cellulose, a structural carbohydrate of plants.
Terrestrial ecosystems, especially forests, accumulate a tremendous amount of cellulose as
woody tissue of trees. Few animals can digest cellulose and most of these require symbiotic
associations with specialized bacteria. It is no surprise then, that most of this cellulose
must eventually pass through the decomposer food chain. Litter fall is the major route for
this pathway. Because 80 percent or more of net primary production passes through the decom-
posing food chain (Swift et a!., 1979), the energy of this litter is vital to the rest of the
plant community and the inorganic nutrients are vital to plants.

The amount of lead that causes litter to be resistant to decomposition is not known.
Although laboratory studies show that 50 pg Pb/ml nutrient medium definitely inhibits soil
oacterial populations, field studies indicate little or no effect at 600 ug/g litter (Doe 1 man
and Haanstra, 1979b). One explanation is that the lead in the laboratory nutrient medium was
readily available, while the lead in the litter was chemically bound to soil organic matter.
indeed, Ooelman and Haanstra (1979a) demonstrated the effects of soil lead content on delayed
decomposition: sandy soils lacking organic complexing compounds showed a 30 percent inhibition
of decomposition at 750 ug/g, including the complete loss of major bacterial species, whereas
tht effect was reduced in clay soils and non-existent in peat soils. Organic matter maintains
the cation exchange capacity of soils. A reduction in decomposition rate was observed by
loelman and Haanstra (1979a) even at the lowest experimental concentration of lead, leading to
'•.he conclusion that some effect might have occurred at even lower concentrations.

When decomposition is delayed, nutrients may be limiting to plants. In tropical regions
or areas with sandy soils, rapid turnover of nutrients is essential for the success of the
forest community. Even in a mixed deciduous forest, a significant portion of the nutrients,
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especially nitrogen and sulfur, may be found in the litter reservoir (Likens et al. 1977).
Annual litter inputs of calcium and nitrogen to the soil account for about 60 percent of root
uptake. With delayed decomposition, plants must rely on precipitation and soil weathering for
the bulk of their nutrients. Furthermore, the organic content of soil may decrease, reducing
the cation exchange capacity of soil.

8.5.2 Circumvention of Calcium Biopuriflcation
Biopurification is a process that regulates the relative concentrations of nutrient to

non-nutrient elements in biological components of a food chain. In the absence of absolute
knowledge of natural lead concentrations, biopurification can be a convenient method for esti-
mating the degree of contamination. Following the suggestion by Comar (1965) that carnivorous
animals show reduced Sr/Ca ratios compared to herbivorous animals which, in turn show less
than plants, Elias et al. (1976, 1982) developed a theory of biopurification, which hypothe-
sizes that calcium reservoirs are progressively purified of Sr, Ba, and Pb in successive
stages of a food chain. In other words, if the Sr/Ca and Ba/Ca ratios are known, the natural
Pb/Ca ratio can be predicted and the observed Pb/Ca to natural Pb/Ca ratio is an expression of
the degree of contamination. Elias et al. (1976, 1982) and Elias and Patterson (1980)
observed continuous biopurification of calcium in grazing and detrital food chains by the pro-
gressive exclusion of Sr,- Ba, and Pb (Figure 8-5). It is now believed that members of grazing
and decomposer food chains are contaminated by factors of 30 - 500, i.e., that 97 - 99.9 per-
cent of the lead in organisms is of anthropogenic origin. Burnett and Patterson (1980) have
shown a similar pattern for a marine food chain.

The mechanism of biopurification relies heavily on the selective transport of calcium
across membranes, the selective retention of non-nutrients at physiologically inactive binding
sites, and the reduced solubility of non-nutrient elements in the nutrient medium of plants
and animals. For example, lead is bound more vigorously to soil organic complexes and is less
soluble in soil moisture (Section 6.5.1). Lead is also adsorbed to cell walls in the root
apoplast, is excluded by the cortical cell membrane, and is isolated as a precipitate in sub-
cellular vesicles of cortical cells (Koeppe, 1981). Further selectivity at the endodermis
results in a nutrient solution of calcium in the vascular tissue that is greatly purified of
lead. Similar mechanisms occur in the stems and leaves of plants, in the digestive and circu-
latory systems of herbivores and carnivores, and in the nutrient processing mechanisms of
insects.

Atmospheric lead circumvents the natural biopurification of calcium. Deposition on plant
surfaces, which accounts for 90 percent of the total plant lead, increases the ratio of Pb/Ca
in the diet of herbivores. Deposition on herbivore fur increases the Pb/Ca ratio in the diet
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of carnivores. Atmospheric lead consumed by inhalation or grooming, possibly 15 percent of
the total intake of lead, represents sources of lead that were non-existent in prehistoric
times and therefore were not present in the food chain.

8.5.3 Population Shifts Toward Lead-Tolerant Populations
It has been observed that plant communities near smelter sites are composed mostly of

lead tolerant plant populations (Antonovics et al., 1971). In some cases, these populations
appear to have adapted to high-lead soils, since populations of the same species from low-lead
soils often do not thrive on high-lead soils (Jowett, 1964). Similar effects have been ob-
served for soils enriched to 28,000 ug/g dry weight with ore lead (Hdiland and Oftedal, 1980)
and near roadsides at soil concentrations of 1,300 ug/g dry weight (Atkins et al., 1982). In
these situations, it is clear that soil lead concentration has become the dominant factor in
determining the success of plant populations and the stability of the ecological community.
Soil moisture, soil pH, light intensity, photoperiod, and temperature are all secondary fac-
tors (Antonovics et al., 1971). Strategies for efficient use of light and water, and for
protection from temperature extremes, are obliterated by the succession of lead-tolerant plant
populations. Smith and Bradshaw (1972) concluded that lead-tolerant plant populations of
Festuca rubra and Agrostis tenuis can be used to stabilize toxic mine wastes with lead concen-
trations as high as 80,000 ug/g.

8.5.4 Biogeochemical Distribution of Lead in Ecosystems
Inputs of natural lead to ecosystems, approximately 90 percent from rock weathering and

10 percent from atmospheric sources, account for slightly more than the hydrologic lead out-
puts in most watersheds (Patterson, 1980). The difference is small and accumulation in the
ecosystem is significant only over a period of several thousand years. In modern ecosystems,
with atmospheric inputs exceeding weathering by factors of 10 - 1000, greater accumulation
occurs in soils. This reservoir must be treated as lacking a steady state condition
(Heinrichs and Mayer, 1977, 1980; Siccama and Smith, 1978). Odum and Orifmeyer (1978)
describe the role of detrital particles in retaining a wide variety of pollutant substances,
and this role may be extended to include non-nutrient substances.

It appears that plant communities have a built-in mechanism for purifying their own
nutrient medium. As a plant community matures through successional stages, the soil profile
develops a stratified arrangement that retains a layer of organic material near the surface.
This organic layer becomes a natural site for the accumulation of lead and other non-nutrient
metals that might otherwise interfere with the uptake and utilization of nutrient metals.
But the rate accumulation of lead in this reservoir may eventually exceed the capacity of the
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reservoir. Johnson et al. (1982a) have established a baseline of 80 stations in forests of
the northeast United States. In the litter component of the forest floor, they measured an
average lead concentration of 150 ug/g. Near a smelter, they measured 700 ug/g and near a
highway, 440 ug/g. They presented some evidence from buried litter that predevelopment con-
centrations were 24 ug/g. On an area basis, the present concentrations range from 0.7 to
1.8 g Pb/m2. Inputs of 270 g/ha-yr measured in the Hubbard Brook forest would account for
1.0 g Pb/m2 in forty years if all of the lead were retained. The 80 stations will be moni-
tored regularly to show temporal changes. Evidence for recent changes in litter lead concen-
trations is documented in the linear relationship between forest floor lead concentration and
age of forest floor, up to 100 years.

Lead in the detrital reservoir is determined by the continued input of atmospheric lead
from the litter layer, the passage of detritus through the decomposer food chain, and the rate
of leaching into soil moisture. There is strong evidence that soil has a finite capacity to
retain lead (Zimdahl and Skogerboe, 1977). Harrison et al. (1981) observed that most of the
lead in roadside soils above 200 ug/g is found on Fe-Mn oxide films or as soluble lead car-
bonate. Elias et al. (1982) have shown that soil moisture lead is derived from the Teachable/
organic fraction of soil, not the inorganic fraction. Lead is removed from the detrital
reservoir by the digestion of organic particles in the detrital food chain and by the release
of lead to soil moisture. Both mechanisms result in a redistribution of lead among all of the
reservoirs of the ecosystem at a very slow rate. A closer look at the mechanisms whereby lead
is bound to humic and fulvic acids leads to the following conclusions: 1) because lead has a
higher binding strength than other metals, lead can displace other metals on the organic
molecule (Schnitzer, 1978); 2) if calcium is displaced, it would be leached to a lower soil
horizon (B), where it may accumulate as it normally does during the development of the soil
profile; and 3) if other nutrient metals, such as iron or manganese, are displaced, they may
become unavailable to roots as they pass out of the soil system.

Fulvic acid plays an important role in the development of the soil profile. This organic
acid has the ability to remove iron from the lattice^structures of inorganic minerals, result-
ing in the decomposition of these minerals as a part of the weathering process. This break-
down releases nutrients for uptake by plant roots. If all binding sites on fulvic acid are
occupied by lead, the role of fulvic acid in providing nutrients to plants will be circum-
vented. While it is reasonably certain that such a process is possible, there is no informa-
tion about the soil lead concentrations that would cause such an effect.

Ecosystem inputs of lead by the atmospheric route have established new pathways and
widened old ones. Insignificant amounts of lead are removed by surface runoff or ground water
seepage. It is likely that the ultimate fate of atmospheric lead will be a gradual elevation
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in lead concentration of all reservoirs in the system, with most of the lead accumulating in
the detrital reservoir.

8.6 SUMMARY
Because there is no protection from industrial lead once it enters the atmosphere, it is

important to fully understand the effects of industrial lead emissions. Of the 450,000 tons
emitted annually on a global basis, 115,000 tons of lead fall on terrestrial ecosystems.
Evenly distributed, this would amount to 0.1 g/ha-yr, which is much lower than the range of
15-1,000,000 g/ha-yr reported in ecosystem studies in the United States. Lead has permeated
these ecosystems and accumulated in the soil reservoir where it will remain for decades.
Within 20 meters of every major highway, up to 10,000 ug Pb have been added to each gram of
surface soil since 1930 (Getz et al., 1977c). Near smelters, mines, and in urban areas, as
much as 130,000 ug/g have been observed in the upper 2.5 cm of soil (Jennett et al., 1977).
At increasing distances up to 5 kilometers away from sources, the gradient of lead added since
1930 drops to less than 10 ug/g (Page and Ganje, 1970), and 1-5 ug/g have been added in
regions more distant than 5 kilometers (Nriagu, 1978). In undisturbed ecosystems, atmospheric
lead is retained by soil organic matter in the upper layer of soil surface. In cultivated
soils, this lead is mixed with soil to a depth of 25 cm.

Because of the special nature of the soil reservoir, it must not be regarded as an infi-
nite sink for lead. On the contrary, atmospheric lead that is already bound to soil will
continue to pass into the grazing and detrital food chains until equilibrium is reached,
whereupon the lead in all reservoirs will be elevated proportionately higher than natural
background levels. This conclusion applies also to cultivated soils, where lead bound within
the upper 25 cm is still within the root zone.

Few plants can survive at soil concentrations in excess of 20,000 ug/g, even under opti-
mum conditions. Some key populations of soil microorganisms and invertebrates die off at 1000
pg/g. Herbivores, in addition to a normal diet from plant tissues, receive lead from the sur-
faces of vegetation in amounts that may be 10 times greater than from internal plant tissue.
A diet of 2-8 mg/daykg body weight seems to initiate physiological dysfunction in many
vertebrates.

Whereas previous reports have focused on possible toxic effects of lead on plants,
animals, and humans, it is essential to consider the degree of contamination as one measure of
safe concentration. Observed toxic effects occur at environmental concentrations well above
levels that cause no physiological dysfunction. Small animals in undisturbed ecosystems are
contaminated by factors of 20-600 over natural background levels, and in roadside and urban

8-46



ecosystems by 300-6200. Extrapolations based on sublethal effects may become reliable when
these measurements can be made with controls free of contamination. The greatest impact may
be on carnivorous animals, which generally have the lowest concentrations of natural lead, and
may thus have the greatest percent increase when the final equilibrium is reached.

Perhaps the most subtle effect of lead is on ecosystems. The normal flow of energy
through the decomposer food chain may be interrupted, the composition of communities may shift
toward more lead-tolerant populations, and new biogeochemical pathways may be opened, as lead
flows into and throughout the ecosystem. The ability of an ecosystem to compensate for atmos-
pheric lead inputs, especially in the presence of other pollutants such as acid precipitation,
depends not so much on factors of ecosystem recovery, but on undiscovered factors of ecosystem
stability. Recovery implies that inputs of the perturbing pollutant have ceased and that the
pollutant is being removed from the ecosystem. In the case of lead, the pollutant is not
being eliminated from the system nor are the inputs ceasing. Terrestrial ecosystems will
never return to their original, pristine levels of lead concentrations.
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ABSTRACT

The document evaluates and assesses scientific information on the health
and welfare effects associated with exposure to various concentrations of lead
in ambient air. The literature through 1985 has been reviewed thoroughly for
information relevant to air quality criteria, although the document is not
intended as a complete and detailed review of all literature pertaining to
lead. An attempt has been made to identify the major discrepancies in our
current knowledge and understanding of the effects of these pollutants.

Although this document is principally concerned with the health and
welfare effects of lead, other scientific data are presented and evaluated in
order to provide a better understanding of this pollutant in the environment.
To this end, the document includes chapters that discuss the chemistry and
physics of the pollutant; analytical techniques; sources, and types of
emissions; environmental concentrations and exposure levels; atmospheric
chemistry and dispersion modeling; effects on vegetation; and respiratory,
physiological, toxicological, clinical, and epidemiological aspects of human
exposure.
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GLOSSARY VOLUME III

aerosol - a suspension of liquid or solid particles in a gas

BAL (British Anti-Lewisite) - a chelating agent often used in the treatment of
metal toxicity

biliary clearance - an excretion route involving movement of an .agent through
bile into the GI tract

Brownian diffusion - the random movement of microscopic particles

"chelatable" or systemically active zinc - fraction of body's zinc store
available or accessible to
removal by a zinc-binding agent

chi-square goodness-of-fit tests - made to determine how well the observed
data fit a specified model, these tests
usually are approximately distributed as a
chi-square variable

first-order kinetics - a kinetic process whose rate is proportional to the
concentration of the species undergoing change

geochronometry - determination of the age of geological materials

hematocrit - the percentage of the volume of a blood sample occupied by cells

intraperitoneal - within the body cavity

likelihood function - a relative measure of the fit of observed data to a
specified model. In some special cases it is equivalent
to the sum of squares function used in least squares
analysis.

mass median aerodynamic diameter (MMAD) - the aerodynamic diameter (in urn) at
which half the mass of particles in
an aerosol is associated with values
below and half above

multiple regression analysis - the fitting of a single dependent variable to a
linear combination of independent variables using
least squares analysis

plumburesis - lead excreted in urine

R2 - this statistic, often called the multiple R squared, measures the proportion
of total variation explained. A value near 1 means that nearly all of the
variation is explained, whereas a value near zero means that almost none of
the variation is explained.
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9. QUANTITATIVE EVALUATION OF LEAD AND BIOCHEMICAL INDICES
OF LEAD EXPOSURE IN PHYSIOLOGICAL MEDIA

9.1 INTRODUCTION
To understand the effects of an agent on an organism and, 1n particular, to formulate

statements of dose-effect relationships, one must be able to assess quantitatively the organ-
Ism's degree of exposure to the substance. In the case of lead, Internal biologically based
measures provide a more accurate Indication of exposure than do external measures such as am-
bient air concentrations. Internal measures may be either direct—e.g., the level of lead In
a biological medium such as blood, calcified tissue, etc.—or 1nd1rect--e.g., the level of
some biochemical parameter or "Indicator" closely associated with Internal lead exposure.
This chapter examines the merits and weaknesses of various measurement methods as they are.
currently used to assess lead exposure.

Quantitative analysis Involves a number of discrete steps, all of which are Important
contributors to the quality of the final result: (1) sample collection and transmission to
the laboratory; (2) laboratory manipulation of samples, physically and chemically, before ana-
lysis by Instruments; (3) Instrumental analysis and quantitative measurement; and (4) esta-
blishment of relevant criteria for accuracy and precision, namely, Internal and external qua-
lity assurance checks. Each of these steps 1s discussed In this chapter 1n relation to the
measurement of lead exposure.

Clearly, the definition of "satisfactory analytical method" for lead has changed over the
years, paralleling (1) the evolution of more sophisticated Instrumentation and procedures, (2)
a greater awareness of such factors as background contamination and loss of the element from
samples, and (3) development of new statistical methods to analyze data. For example, current
methods of lead analysis, such as anodic stripping voltammetry, background-corrected atomic
absorption spectrometry, and particularly Isotope-dilution mass spectrometry, are more sensi-
tive and specific than the older classical approaches. Increasing use of the newer methods
would tend to result 1n lower lead values being reported for a given sample. Whether this
trend 1n analytical Improvement can be Isolated from other variables such as temporal changes
1n exposure 1s another matter.

Because lead 1s ubiquitously distributed as a contaminant, the constraints (I.e., ultra-
clean, ultra-trace analysis) placed upon a laboratory attempting analysis of geochemlcal sam-
ples of pristine origin, or of extremely low lead levels in biological samples such as plasma,
are quite severe (Patterson, 1980). Very few laboratories can credibly claim such capability.
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Ideally, similar standards of quality should be adhered to across the rest of the analytical
spectrum. With many clinical, epidemlological, and experimental studies, however, these
standards may be unrealistic given the practical limitations and objectives of the studies.
Laboratory performance is but one part of the quality equation; the problems of sampling are
equally important but less subject to tight control. The necessity of rapidly obtaining a
blood sample in cases of suspected lead poisoning, or of collecting hundreds or thousands of
blood samples in urban populations, Units the number of sampling safeguards that can be rea-
listically achieved. Sampling in this context will always be accompanied by a certain amount
of analytical "suspicion." Furthermore, a certain amount of biological lead analysis data is
employed for comparative purposes, as in experimental studies concerned with the relative In-
crease in tissue burden of lead associated with increases in doses or severity of effects. In
addition, any major compromise of an analytical protocol may be statistically discernible.
Thus, analysis of biological media for lead must be done under protocols that minimize the
risk of inaccuracy. Specific accuracy and precision characteristics of a method in a parti-
cular report should be noted to permit some judgment on the part of the reader about the In-
fluence of methodology on the reported results.

The choice of measurement method and medium for analysis 1s dictated both by the type of
information desired and by technical or logistical considerations. As noted elsewhere in this
document, whole blood lead reflects recent or continuing exposure, whereas lead in mineralized
tissue, such as deciduous teeth, reflects an exposure period of months and years. While urine
lead values are not particularly good correlates of lead exposure under steady-state condi-
tions in populations at large, such measurements may be of considerable clinical value. In ac-
quiring blood samples, the choice of venipuncture or finger puncture will be governed by such
factors as cost and feasibility, contamination risk, and the biological quality of the sample.
The use of biological indicators that strongly correlate with lead burden may be more desira-
ble, since they provide evidence of actual response and, together with blood lead data, pro-
vide a less risky diagnostic tool for assessing lead exposure.

9.2 DETERMINATIONS OF LEAD IN BIOLOGICAL MEDIA

9.2.1 Sampling and Sample Handling Procedures for Lead in Biological Media
Lead analysis in biological media requires careful sample collection and handling for two

reasons: (1) lead occurs at trace levels in most indicators of subject exposure, even under
conditions of high lead exposure; and (2) such samples must be obtained against a backdrop of
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pervasive contamination, the full extent of which may still be unrecognized by many laborato-
ries.

The reports of Speecke et al. (1976), Patterson and Settle (1976), Murphy (1976), Berman
(1976), and Settle and Patterson (1980) review detailed aspects of the problems of sampling
and subsequent sample handling in the laboratory. These reports Indicate that the normal pre-
cautions taken during sampling (detailed below for clinical and epideniological studies)
should not be considered absolute, but rather as what 1s practical and feasible. They further
indicate that the inherent sensitivity or accuracy of a given method or instrument may be less
of a determining factor in the overall analysis than the quality of sample collection and
handling.
9.2.1.1 Blood Sampling. Samples for blood lead determination may be collected by venipunc-
ture (venous blood) or fingertip puncture (capillary blood). Collection of capillary versus
venous blood is usually decided by a number of factors, including the feasibility of obtaining
samples during the screening of many subjects and the difficulty of securing subject com-
pliance, particularly 1n the case of children and their parents. Furthermore, capillary blood
may be collected as discrete quantities in small-volume capillary tubes or as spots on filter
paper disks. With capillary tubes, obtaining good mixing with anticoagulant to avoid clotting
is important, as 1s the problem of lead contamination of the tube. The use of filter paper
requires the selection of paper with uniform composition, low lead content, and uniform blood
dispersal characteristics.

Whether venous or capillary blood 1s collected, much care must be exercised in cleaning
the site before puncture as well as In selecting lead-free receiving containers. Cooke et al.
(1974) employed vigorous scrubbing with a low-lead soap solution and rinsing with deionized
water, while Marcus et al. (1975) carried out preliminary "Cleaning with an ethanollc citric
acid solution followed by rinsing with 70-percent ethanol. Vigor 1n cleaning the puncture
site is probably as Important as the choice of any particular cleaning agent. Marcus et al.
(1977) have noted that 1n one procedure for puncture site preparation, where the site is
covered with wet paper towels, contamination will occur if the paper towels are made from re-
cycled paper. Recycled paper retains a significant amount of lead.

In theory, capillary and venous blood lead levels should be virtually Identical. However,
the literature indicates that some differences, which mainly reflect sampling problems, do
arise in the case of capillary blood. A given amount of contaminant has a greater impact on a
100-ul fingerstlck sample than on a 5-ml sample of venous blood. Finger-coating techniques
may reduce some of the contamination (Mitchell et al., 1974). An additional problem is the
presence of lead in the anticoagulants used to coat capillary tubes. Also, lower values of
capillary versus venous blood lead may reflect "dilution" of the sample by extracellular fluid
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from excessive compression of the puncture site. When Joselow and Bogden (1972) compared a
method using finger puncture and spotting onto filter paper with a procedure using venous
blood and Hessel's procedure (1968) for flame atonic absorption spectrometry (see Section
9.2.2.1), they obtained a correlation coefficient of r = 0.9 (range, 20-46 ug/dl). Similarly,
Cooke et al. (1974) found an r value of 0.8 (no range given), while Hltchell et al. (1974) ob-
tained a value of 0.92 (10-92 ug/dl). Mahaffey et al. (1979) found that capillary blood
levels In a comparison test were approximately 20 percent higher than corresponding venous
blood levels 1n the same subjects, presumably reflecting sample contamination. Similar eleva-
tions have been described by DeSilva and Oonnan (1980). Carter (1978) has found that blood
samples with lower hemoglobin levels may spread onto filter paper differently from normal
hemoglobin samples, requiring correction 1n quantification to obtain reliable values. This
complication should be kept 1n mind when considering children, who are frequently prone to
iron-deficiency anemia.

The relative freedom of the blood container from Interior surface lead and the presence
of lead In the anticoagulant to be added to the blood are Important considerations in venous
sampling. For studies focusing on "normal" ranges, such tubes may add some lead to blood and
still meet certification requirements. The "low-lead" heparlnized blood tubes commercially
available (blue stopper Vacutainer, Becton-Dlckinson) were found to contribute less than 0.2
Mg/dl to whole blood samples (Rabinowitz and Needleman, 1982). Nackowski et al. (1977) sur-
veyed a large variety of commercially available blood tubes for lead and other metal contami-
nation. Lead uptake by blood over time from the various tubes was minimal with the "low-lead"
Vacutainer tubes and with all but four of the other tube types. In the large survey of
Mahaffey et al. (1979), 5-ml Honoject (Sherwood) or 7-ml lavender-top Vacutainer (Becton-
Dickinson) tubes were satisfactory. However, when more precision is needed, tubes are best
recleaned in the laboratory and lead-free anticoagulant added (although this would be less
convenient for sampling efficiency than the commercial tubes). In addition, blank levels for
every batch of samples should be verified.
9.2.1.2 Urine Sampling. Urine samples require collection using lead-free containers and caps
as well as the addition of a low-lead bactericide if samples are to be stored. While not
always feasible, 24-hr samples should be obtained because they level out any effect of vari-
ation in excretion over time. If spot sampling is done, lead levels should be expressed per
unit creatinine, or corrected for a constant specific gravity, 1f greater than 1.010.
9.2.1.3 Hair Sampling. The usefulness of hair lead analysis depends on the manner of samp-
ling. Hair samples should be removed from subjects by a consistent method, either by a pre-
determined length measured from the skin or by using the entire hair. Hair should be placed
in air-tight containers for shipment or storage. For segmental analysis, the entire hair
length is required.
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9.2.1.4 Mineralized Tissue. An Important consideration In deciduous tooth collection 1s con-
sistency 1n the type of teeth collected from various subjects. Fosse and Justesen (1978) re-
ported no difference 1n lead content between molars and Incisors, and Chatman and Wilson
(1975) reported comparable whole tooth levels for cuspids, Incisors, and molars. On the other
hand, Hackle et al. (1977) and Lockeretz (1975) noted levels varying with tooth type, with a
statistically significant difference (Hackle et al., 1977) between second molars (lowest
levels) and Incisors (highest levels). That the former two studies found rather low overall
lead levels across groups, while Mackle et al. (1977) reported higher values, suggests that
dentition differences 1n lead content My be magnified at relatively higher levels of ex-
posure. Delves et al. (1982), comparing pairs of central Incisors or pairs of central and
lateral Incisors from the sane child, found that lead content may even vary within a specific
type of tooth. These data suggest the desirability of acquiring two teeth per subject to get
an average lead value.

Teeth containing fillings or extensive decay are best eliminated from analysis. Hackle
et al. (1977) discarded decayed teeth 1f the extent of decay exceeded approximately 30 per-
cent.
9.2.1.5 Sample Handling In the Laboratory. The effect of storage on lead content 1s a poten-
tial problem with blood samples. During storage, dilute aqueous solutions of lead surrender a
sizable portion of the lead content to the container surface, whether glass or plastic, unless
the sample 1s acidified (Issaq and Z1e11nsk1, 1974; Linger and Green, 1977). Whether there 1s
a comparable effect, or comparable extent of such an effect, with blood 1s not clear. Linger
and Green (1977) claim that lead loss from blood to containers parallels that seen with aque-
ous solutions, but their data do not support this assertion. Moore and Meredith (1977) used
1sotop1c lead spiking (203Pb) with and without carrier 1n various containers at differing tem-
peratures to monitor lead stability 1n blood over time. The only material loss occurred with
soda glass at room temperature after 16 days. Nackowskl et al. (1977) found that "low-lead"
blood tubes, while quite satisfactory 1n terms of sample contamination, began to show transfer
of lead to the container wall after 4 days. MeVangegr et al. (1981) studied movement of lead,
spiked to various levels, to containers of various composition as a function of temperature
and time. In all cases, reported lead loss to containers was significant. However, problems
exist with the above reports. Spiked samples probably are not Incorporated Into the same bio-
chemical environment as lead Inserted lQ vivo. Also, Nackowskl et al. (1977) did not Indicate
whether the blood samples were kept frozen or refrigerated between testing Intervals.
Mltchell et al. (1972) found that the effect of blood storage depends on the method of analy-
sis, with lower recoveries of lead from aged blood using the Hessel (1968) method.
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Lerner (1975) collected blood samples (35 originally) from a single subject Into lead-
free tubes and, after freezing, forwarded them in blind fashion to a certified testing labor-
atory over a period of 9 months. Four samples were lost, and one was rejected as grossly con-
taminated (4 standard deviations from mean). Of the remaining 30 samples, the mean was 18.3
M9/dl with a standard deviation (S.O.) of 3.9. The analytical method had a precision of ±3.5
pg/dl (S.D. = 1) at normal levels of lead, suggesting that the overall stability of the sam-
ples' lead content was good. Boone et a1. (1979) reported that samples frozen for periods of
less than 1 year showed no effect of storage, while Plscator (1982) noted no change 1n low
levels (<10 ug/dl) when samples were stored at -20°C for 6 months. Based on the above data,
blood samples to be stored for any period of time should be frozen rather than refrigerated,
with care taken to prevent breaking the tube during freezing. Teeth and hair samples, when
stored in containers to minimize contamination, are Indefinitely stable.

The actual site of analysis should be as free from lead as possible. Given the limited
availability of an "ultra-clean" facility such as that described by Patterson and Settle
(1976), the next desirable level of laboratory Is the "Class 100" facility, In which fewer
than 100 airborne particles are greater than 0.5 urn In diameter. These facilities employ high-
efficiency particulate air filtering and laminar air flow (with movement away from sample
handling areas). Totally inert surfaces in the working area and an antechamber for removing
contaminated clothes, appliance cleaning, etc., are other necessary features.

All plastic and glass ware coming into contact with samples should be cleaned rigorously
and stored away from dust contact, and materials such as ashing vessels should permit minimal
lead leaching. In this regard, Teflon or quartz ware 1s preferable to other plastics or boro-
silicate glass (Patterson and Settle, 1976).

Reagents, particularly for chemical degradation of biological samples, should be both
certified and periodically tested for quality. Several commercial grades of reagents are
available, although precise work may require doubly purified materials from the National
Bureau of Standards (N6S). These reagents should be stored with a minimum of surface contami-
nation around the top of the containers.

For a more detailed discussion of appropriate laboratory practices, the reader may con-
sult LaFleur (1976).

9.2.2 Methods of Lead Analysis
Detailed technical discussion of the array of Instruments available to measure lead in

blood and other media 1s outside the scope of this chapter (see Chapter 4). This discussion
is structured more appropriately to those aspects of methodology dealing with relative sensi-
tivity, specificity, accuracy, and precision. While acceptance of international standardized
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(SI) units for expressing lead levels 1n various media Is Increasing, units familiar to clini-
cians and epidemiologists will be used here. (To convert ug Pb/dl blood to SI units [umoles/
liter], multiply by 0.048.)

Many reports over the years have purported to offer satisfactory analysis of lead 1n bio-
logical media, but 1n fact have shown rather meager adherence to criteria for accuracy and
precision or have shown a lack of demonstrable utility across a wide spectrum of analytical
applications. Therefore, discussion in this section 1s confined to "definitive" and reference
methods for lead analysis, except for a brief treatment of the traditional but now widely sup-
planted colorimetric method.

Using the definition of Call and Reed (1976), a definitive method 1s one in which all
major or significant parameters are related by solid evidence to the absolute mass of the ele-
ment with a high degree of confidence. A reference method, by contrast, is one of demonstra-
ted accuracy, validated by a definitive method, and arrived at by consensus through perfor-
mance testing by a number of different laboratories. In the case of lead 1n biological media,
the definitive method 1s Isotope-dilution mass spectrometry (IDMS). IDHS is so accurate be-
cause all manipulations are on a weight basis Involving simple procedures. The measurements
entail only ratios and not the absolute determinations of the isotopes involved, which greatly
reduces Instrumental corrections or errors. No interferences occur from sample matrix or
other elements, and the method does not depend on recovery. Reproducible results to a pre-
cision of one part 1n 104 or 10s are routine with specially designed instruments.

In terms of reference methods for lead 1n biological media, such a label is commonly
attached to atomic absorption spectrometry (AAS) in its various instrumentation/ methodology
configurations and to the electrochemical technique, anodic stripping voltammetry (ASV).
These have been termed reference methods Insofar as their precision and accuracy can be veri-
fied or calibrated against IQMS.

Other methods that are recognized for general trace-metal analysis are not fully applica-
ble to biological lead or have Inherent shortcomings. X-ray fluorescence analysis lacks the
requisite sensitivity for media with low lead content, and the associated sample preparation
may present a high contamination risk. A notable exception may be X-ray fluorescence analysis
of teeth or bone jn situ as discussed below. Neutron-activation analysis 1s the method of
choice with many elements, but it 1s not technically feasible for lead analysis because of the
absence of long-lived Isotopes.
9.2.2.1 Lead Analysis In Whole Blood. The first generally accepted technique for quantifying
lead in whole blood and other biological media was a colorimetric method that Involved spec-
trophotometric measurement based on the binding of lead to a chromogenic agent to yield a
chromophoric complex. The complexlng agent has typically been dithizone, 1,5-diphenylthio-
carbazone, yielding a lead complex that 1s spectrally measured at 510 nm.
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Two variations of the spectrophotometHc technique used when measuring low levels of lead
have been the procedures of the U.S. Public Health Service (USPHS) (National Academy of
Sciences, 1972) and of the American Public Health Association (APHA) (1955). In both, venous
blood or urine Is wet ashed using concentrated nitric add of low lead content followed by ad-
justment of the ash with hydroxyla»1ne and sodium citrate to a pH of 9-10. Cyanide 1on is
added and the solution extracted with dlthlzone in chloroform. Back extraction removes the
lead Into dilute nitric add; the add layer 1s treated with ammonia, then cyanide, and re-
extracted with dithizone 1n chloroform. The extracts are read in a spectrophotometer at 510
nm. Bismuth Interference is handled (APHA variation) by removal with dithizone at pH 3.4.
According to Lerner (1975), the analytical precision 1n the "normal" range 1s about ±3.5 ug/dl
(S.D. = 1), using 5 ml of sample.

The most accurate and precise method for lead measurement in blood is IDMS. As typified
by the report of Machlan et al. (1976), whole blood samples are accurately weighed, and a
weighed aliquot of 206Pb-enriched Isotope solution is added. After sample decomposition with
ultra-pure nitric and perchloric acids, samples are evaporated, residues are taken up 1n di-
lute lead-free hydrochloric add (HC1), and lead is Isolated using anion-exchange columns.
Column eluates are evaporated with the above adds, and lead is deposited onto high-purity
platinum wire from dilute perchloric add. The 206Pb/208Pb ratio 1s then determined by ther-
mal fonizatlon mass spectrometry. Samples without added isotope and reagent blanks are also
carried through the procedure. In terms of precision, the 95-percent confidence level for
lead samples overall 1s within 0.15 percent. Because of the expense incurred by the require-
ments for operator expertise, the amount of time Involved, and the high standard of laboratory
cleanliness, IDMS is mainly of practical value 1n the development of standard reference ma-
terials and for the verification of other analytical methods.

AAS is widely used for lead measurements in whole blood, with sample analysis involving
analysis of venous blood with chemical degradation, analysis of liquid samples with or without
degradation, and samples applied to filter paper. It 1s thus the most flexible for samples
already collected or subject to manipulation. By means of flame or electrothermal excitation,
ionic lead in a matrix is first vaporized and then converted to the atomic state, followed by
resonance absorption from either a hollow cathode or electrodeless discharge lamp generating
lead absorption lines at 217.0 and 283.3 nm. After monochrometer separation and photomulti-
plier enhancement of the differential signal, lead content is measured electronically.

The earliest methods of AAS analysis involved the aspiration of ashed blood samples into
a flame, usually subsequent to extraction Into an organic solvent, to enhance sensitivity by
preconcentratlon. Some methods did not involve digestion steps prior to solvent extraction
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(Kopito et al., 1974). Of these various flame AAS methods, Hessel's (1968) technique con-
tinues to be used with some frequency.

Currently, lead measurement In blood by AAS employs several different methods that permit
greater sensitivity, precision, and economy of sample and time. The flame method of Delves
(1970), called the "Delves cup" procedure, usually involves delivery of discrete small samples
(£100 ul) of unmodified whole blood to nickel cups, with subsequent drying and peroxide decom-
position of organic content before positioning 1n the flame. The marked enhancement of sen-
sitivity over conventional flame aspiration results from Immediate, total consumption of the
sample and generation of a localized population of atoms. In addition to discrete blood vol-
umes, blood-containing filter paper disks have been used (Joselow and Bogden, 1972; Cernlk and
Sayers, 1971; Plomelll et al., 1980). Among the several modifications of the Delves method
are that of Ediger and Coleman (1972), in which dried blood samples in the cups are pre-
ignited to destroy organic matter by placement near the flame in a precise, repeatable manner,
and the variation of Barthel et al. (1973), in which blood samples are mixed with dilute
nitric add in the cups followed by drying in an oven at 200°C and charring at 450°C on a hot
plate. A number of laboratories eschew even these modifications and follow dispensing and
drying with direct placement of the cup Into the flame (e.g., Mltchell et al., 1974). The
Delves cup procedure may require correction for background spectral interference. This cor-
rection is usually achieved using instrumentation equipped at a nonresonance absorption line.
While the 217.0-nm line of lead is less subject to such interference, precise work is best
done with correction. This method as applied to whole blood lead appears to have an oper-
ational sensitivity down to 1.0 ug Pb/dl, or somewhat below when competently employed, and a
relative precision of approximately 5 percent in the range of levels encountered in the United
States.

AAS methods using electrothermal (furnace) excitation in lieu of a flame can be approxi-
mately tenfold more sensitive than the Delves procedure. A number of reports describing whole
blood lead analysis have appeared in the literature (Lawrence, 1982, 1983). Because of in-
creased sensitivity, the "nameless" AAS technique^permits the use of small blood volumes
(1-5 M!) with samples undergoing drying and dry ashing jji situ. Phys1cochem1cal and spectral
interferences are Inherently severe with this approach, requiring careful background cor-
rection. In one flameless AAS configuration, background correction exploits the Zeeraan ef-
fect, where correction is made at the specific absorption line of the element and not over a
band-pass region, as is the case with the deuterium arc. While control of background inter-
ference up to 1.5 molecular absorbance 1s claimed with the Zeeman system (Koizumi and Yasuda,
1976), employing charring before atomizatlon is technically preferable. Hinderberger et al.
(1981) used dilute ammonium phosphate solution to minimize chemical interference in their fur-
nace AAS method.
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Precision can be a problem 1n the flameless technique unless careful attention 1s paid to
the problem of sample d1ffus1b111ty over and Into the graphite matrix of the receiving recep-
tacle (tube, cup, or rod). With the use of diluted samples and larger applied volumes, the
relative precision of this method can approach that of the Delves technique (Delves, 1977).

In addition to the various AAS methods noted above, electrochemical techniques have been
applied to blood lead analysis. Electrochemical methods, 1n theory, differ from AAS methods
in that the latter are "concentration" methods regardless of sample volumes available, while
electrochemical analysis Involves bulk consumption of sample and hence would have infinite
sensitivity, given an Infinite sample volume. This Intrinsic property 1s of little practical
advantage given usual limits of sample volume, Instrumentation design, and blanks.

The most widely used electrochemical method for lead measurement 1n whole blood and other
biological media is Ac , which 1s also probably the most sensitive because it Involves an elec-
trochemical preconcentratlon (deposition) step in the analysis (Matson and Roe, 1966; Matson
et al., 1971). In this method, samples such as whole blood (50-100 ul) are preferably, but
not commonly, wet ashed and reconstituted in dilute add or made electro-avail able with metal
exchange reagents. Using freshly prepared composite electrodes of mercury film deposited on
carbon, lead 1s plated out from the solution for a specific amount of time and at a selected
negative voltage. The plated lead 1s then reoxldlzed 1n the course of anodic sweeping, gene-
rating a current peak that may be recorded on a chart or displayed on commercial Instruments
as units of concentration (ug/dl).

One alternative to the time and space demands of wet ashing blood samples 1s the use of
metal exchange reagents that displace lead from binding sites in blood by competitive binding
(Morrell and Giridhar, 1976; Lee and MeYanger, 1980). In one commercial preparation, this re-
agent consists of a solution of calcium, chromium, and mercuric Ions. Use of the metal ex-
change reagent adds a chemical step that must be carefully controlled for full recovery of
lead from the sample.

The working detection limit of ASV for blood is comparable to that of the AAS fTameless
methods, while the relative precision 1s best with prior sample degradation, approximately 5
percent. The precision 1s less when the blood samples are run directly with the ion exchange
reagents (Morrell and GIHdhar, 1976), particularly at the low end of "normal" blood lead
values. While AAS methods require attention to various spectral Interferences to achieve
satisfactory performance, electrochemical methods such as ASV require consideration of such
factors as the effects of co-reducible metals and agents that complex lead and alter Its re-
duction-oxidation (redox) potential properties. Chelants used 1n therapy, particularly peni-
c-niamine, may Interfere, as does blood copper, which may be elevated 1n pregnancy and during
such disease states as leukemia, lymphoma, and hyperthyroidism (Herman, 1981).
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Correction of whole blood lead values for hematocrlt, although carried out 1n the past,
is probably not appropriate and not commonly done at present. While the erythrocyte is the
carrier for virtually all lead 1n blood, the saturation capacity of the red blood cell (RBC)
for lead Is so high that it can still carry lead even at highly toxic levels (Kochen and
Greener, 1973). Kochen and Greener (1973) also showed that acute or chronic dosing at a given
lead level in rats with a wide range of hematocrits (induced by bleeding) gave similar blood
lead values. Rosen et al. (1974), based on studies of hematocrlt, plasma, and whole blood
lead In children, noted hematocrlt correction was not necessary, a view supported by Chlsolm
(1974).
9.2.2.2 Lead in Plasma. While virtually all of the lead present in whole blood is bound to
the erythrocyte (Robinson et al., 1958; Kochen and Greener, 1973), lead in plasma 1s trans-
ported to affected tissues. Therefore, every precaution must be taken to use nonhemolyzed
blood samples for plasma Isolation. The very low levels of lead in plasma require that more
attention be paid to "ultra-clean" methods.

Rosen et al. (1974) used flameless AAS and nicroliter samples of plasma to measure plasma
lead, with background correction for the smoke signal generated for the unmodified sample.
Cavalleri et al. (1978) used a combination of solvent extraction of modified plasma with pre-
concentrating and flame less AAS. These authors noted that the method used by Rosen et al.
(1974) permitted less precision and accuracy than did their technique, because a significantly
smaller amount of lead was delivered to the furnace accessory.

DeSilva (1981), using a technique similar to that of Cavalleri et al. (1978), but col-
lecting samples in heparinized tubes, claimed that the use of ethylened1am1netetraacet1c add
(EDTA) as anticoagulant disturbs the cell-plasma distribution of lead enough to yield errone-
ous data. Much more care was given 1n this procedure to background contamination. In both
cases, Increasing levels of plasma lead were measured with Increasing whole blood lead, sug-
gesting an equilibrium ratio that contradicts the data of Rosen et al. (1974). They found a
fixed level of 2-3 ug/dl plasma over a wide range of blood lead values. However, the actual
levels of lead in plasma in the DeSilva (1981) study were much lower than those reported by
CavalleH et al. (1978).

Using IDMS and sample collection/manipulation In an "ultra-clean" facility, Everson and
Patterson (1980) measured the plasma lead levels in two subjects, a control and a lead-exposed
worker. The control had a plasma lead level of 0.002 M9/dl, several orders of magnitude lower
than that seen with studies using less precise analytical approaches. The lead-exposed worker
had a plasma level of 0.2 ug/dl. Several other reports in the literature using IDMS noted
somewhat higher values of plasma lead (Manton and Cook, 1979; Rabinowitz et al., 1974), which
Everson and Patterson (1980) have ascribed to problems of laboratory contamination.
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Using tracer lead to minimize the Impact of contamination results in a value of 0.15 ug/d!
(Rab1now1tz et al., 1974).

With appropriate plasma lead methodology, reported lead levels are extremely low, the de-
gree varying with the methods used to measure such concentrations. While the data of Everson
and Patterson (1980) were obtained from only two subjects, 1t seems unlikely that using more
subjects would result 1n a plasma lead range extending upward to the levels seen with ordinary
methodology 1n ordinary laboratory surroundings. The above considerations are Important when
discussing appropriate methodology for plasma analysis, and the Everson and Patterson (1980)
report Indicates that some doubt surrounds results obtained with conventional methods. Al-
though not the primary focus of their study, the values obtained by Everson and Patterson
(1980) for whole blood lead, unlike the data for plasma, are within the ranges for unexposed
(11 ug/dl) and exposed (80 ug/dl) subjects generally reported with other methods. This agree-
ment would suggest that, for the most part, reported values do actually reflect in vivo blood
lead levels rather than sampling problems or Inaccurate methods.
9.2.2.3 Lead 1n Teeth. When analyzing shed deciduous or extracted permanent teeth, some In-
vestigators have used the whole tooth after surface cleaning to remove contaminating lead
(e.g., Moore et al., 1978; Fosse and Justesen, 1978; Hackle et al., 1977), while others have
measured lead In dentine (e.g., Shaplro et al., 1973; Needleman et al., 1979; Al-Na1m1 et al.,
1980). Several reports (Grandjean et al., 1979; Shaplro et al., 1973) have also described the
analysis of circumpulpal dentine, that portion of the tooth found to have the highest relative
fraction of lead. Needleman et al. (1979) separated dentine by embedding the tooth 1n wax,
followed by thin central sagittal sectioning. The dentine was then Isolated from the sawed
sections by careful chiseling.

Determining mineral and organic composition of teeth and their components requires the
use of thorough chemical decomposition techniques, Including wet ashing and dry ashing steps
and sample pulverizing or grinding. In the procedure of Steenhout and Pourtois (1981), teeth
are dry ashed at 450°C, powdered, and dry ashed again. The powder 1s then dissolved in nitric
acia. Fosse and Justesen (1978) reduced tooth samples to a coarse powder by crushing in a
vise, followed by add dissolution. Oehme and Lund (1978) crushed samples to a fine powder In
an agate mortar and dissolved the samples 1n nitric add. Hackle et al. (1977) and Moore et
al. (1978) dissolved samples directly 1n concentrated adds. Chatman and Wilson (1975) and
Needleman et al. (1974) carried out wet ashing with nitric acid followed by dry ashing at
450°C. Oehme and Lund (1978) found that acid wet ashing of tooth samples yielded better re-
sults if carried out 1n a heated Teflon bomb at 200°C.

With regard to methods of measuring lead in teeth, AAS and ASV have been employed most
often. With the AAS methods, the high mineral content of teeth tends to argue for Isolating
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lead from this matrix before analysis. In the methods of Needleman et al. (1974) and Chatraan
and Wilson (1975), ashed residues 1n nitric acid were treated with ammonium nitrate and ammo-
nium hydroxide to a pH of 2.8, followed by dilution and extraction with a methylIsobutylketone
solution of ammonium pyrrol1d1necarbod1th1oate. Analysis was by flame AAS, using the 217.0-nm
lead-absorption line. A similar procedure was employed by Fosse and Justesen (1978).

ASV has been successfully used in tooth lead measurement (Shapiro et al., 1973; Needleman
et al., 1979; Oehme and Lund, 1978). As typified by the method of Shapiro et al. (1973), sam-
ples of dentine were dissolved in a small volume of low-lead concentrated perchloric add and
diluted (5.0 ml) with lead-free sodium acetate solution. With deoxygenation, samples were
analyzed in a commercial ASV unit, using a plating time of 10 m1n at a plating potential of
-1.05 V. Anodic sweeping was at a rate of 60 mV/sec with a variable current of 100-500 uA.
Since lead content of teeth 1s higher than 1n most samples of biological media, the relative
precision of analysis with appropriate accommodation of the matrix effect, such as the use of
matrix-matched standards, in the better studies Indicates a value of approximately 5-7 per-
cent.

In an analysis of lead levels In permanent teeth of Swedish subjects, Holler et al.
(1982) used particle-Induced X-ray emission (PIXE). While this method permits analysis with
minimal contamination risk, it measures only coronal dentine, which is relatively less re-
vealing about cumulative exposure than secondary or drcumpulpal dentine.

All of the above methods Involve shed or extracted teeth and consequently provide a ret-
rospective determination of lead exposure. In Bloch et al.'s (1976) procedure, tooth lead is
measured J_n situ using an X-ray fluorescence technique. A colHmated beam of radiation from
57Co was allowed to irradiate the upper central Incisor teeth of the subject. Using a rela-
tively safe 100-sec Irradiation time and measurement of KQl and Ka2 lead lines via a germanium
diode and a pulse-height analyzer for signal processing, lead levels of 15 ppm or higher could
be measured. Multiple measurement by this method would be very useful in prospective studies
because it would show the "ongoing" rate of increase 1n body lead burden. Furthermore, when
combined with serial blood sampling, It would provide data for blood lead-tooth lead relation-
ships.
9.2.2.4 Lead in Hair. Hair constitutes a noninvaslve sampling source with virtually no prob-
lems with sample stability on extended storage. However, the advantages of accessibility and
stability are offset by the problem of assessing external contamination of the hair surface by
atmospheric fallout, hand dirt, lead 1n hair preparations, etc. Thus, such samples are prob-
ably of less value overall than those from other media.

The various methods that have been employed for removal of external lead have been re-
viewed (Chatt et al., 1980; Glbson, 1980; Chattopadhyay et al., 1977). Cleaning techniques
obviously should be vigorous enough to remove surface lead but not so vigorous as to remove
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the endogenous fraction. To date, no published cleaning procedure has been proven reliable
enough to permit acceptance of reported levels of lead in hair. Such a demonstration would
have to use lead isotopic studies with both surface and endogenous isotopic lead removal moni-
tored as a function of a particular cleaning technique.
9.2.2.5 Lead in Urine. Analysis of lead in urine is complicated by its relatively low con-
centrations (lower than in blood in many cases) as well as by the complex mixture of mineral
elements present. Lead levels are higher, of course, in cases where lead mobilization or
therapy with chelants is in progress, but in these cases samples must be analyzed to account
for lead bound to chelants such as EOTA. Such analysis requires either sample ashing or the
use of standards containing the chelant. Although analytical methods have been published for
the direct analysis of lead in urine, samples are probably best wet ashed before analysis,
using the usual mixtures of nitric plus sulfuric and/or perchloric acids.

Both AAS and ASV methods have been applied to urine lead analyses, the former employing
either direct analysis of ashed residues or a preliminary chelation-extraction step. With
flame AAS, ashed urine samples must invariably be extracted with a chelant such as ammonium
pyrrolidinecarbodithioate in methylisobutylketone to achieve reasonably satisfactory results.
Furthermore, direct analysis creates mechanical problems with burner operation, due to the
high mineral content of urine, and results in considerable maintenance problems with equip-
ment. The procedure of Lauwerys et al. (1975) is typical of flame AAS methods with prelimin-
ary lead separation. Because of the relatively greater sensitivity of graphite furnace
(flameless) AAS, this variation of the method has been applied to urine analysis. In scat-
tered reports of such analyses, adequate performance for direct sample analysis seems to
require steps to minimize matrix interference. A typical example of one of the better direct
analysis methods is that of Hodges and Skelding (1981). Urine samples were mixed with iodine
solution and heated, then diluted with a special reagent containing ammonium molybdate, phos-
phoric acid, and ascorbic acid. Small aliquots (5 ul) were delivered to the furnace accessory
of an AAS unit containing a graphite tube pretreated with ammonium molybdate. The relative
standard deviation of the method is reported to be about 6 percent. In the method of Legotte
et il (1980), such tube treatment and sample modifications were not employed and the average
precision figure was 13 percent.

Compared with various AAS methods, ASV has been less frequently"employed for urine lead
analysis. From d survey of available electrochemical methods in general, such techniques
app';ad to irine appear to require further development. Franke and de Zeeuw (1977) used dif-
ferential-pulse ASV as a screening tool for lead and other elements in urine. Jagner et al.
(1979"! described analysis of urine lead using potentiometric stripping. In their procedure the
element was preconcentrated at a thin-film mercury electrode as in conventional ASV, but
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deoxygenated samples were reoxidized with either oxygen or mercuric ions after the circuitry
was disconnected.

As noted in Section 9.1.1.2, if collection of 24-hr samples is not possible, spot sam-
pling of lead in urine can be conducted, and results should be expressed per unit creatinine.
9.2.2.6 Lead in Other Tissues. Bone samples of experimental animal or human autopsy origin
require preliminary cleaning procedures for removal of muscle and connective tissue, with care
being taken to minimize sample contamination. As is the case with teeth, samples must be
chemically decomposed before analysis. Satisfactory instrumental methods for bone lead analy-
sis comprise a much smaller literature than is the case for other media.

Wittmers et al. (1981) have described the measurement of lead in dry ashed (450°C) bone
samples using flameless AAS. Ashed samples were weighed and dissolved in dilute nitric acid
containing lanthanum ion, the latter being used to suppress interference from bone elements.
Small volumes (20 ul) and high calcium content required that atomization be done at 2400°C to
avoid condensation of calcium within the furnace. Quantification was by the method of addi-
tions. Relative precision was 6-8 percent at relatively high lead content (60 ug/g ash) and
10-12 percent at levels of 14 u<J/9 ash or less.

Ahlgren et al. (1980) described the application of X-ray fluorescence analysis to HI vivo
lead measurement in the human skeleton, using tibia and phalanges. In this technique, irra-
diation is carried out with a dual 57Co gamma ray source. The generated K j and K 2 lead
lines are detected with a lithium-drifted germanium detector. The detection limit is 20 ppm.

Soft organs differ from other biological media in the extent of anatomic heterogeneity as
well as lead distribution, e.g., brain versus kidney. Hence, sample analysis involves either
discrete regional sampling or the homogenizing of an organ. The efficiency of the latter can
vary considerably, depending on the density of the homogenate, the efficiency of rupture of
the formed elements, and other factors. Glass-on-glass homogenizing should be avoided because
lead is liberated from the glass matrix with abrasion.

AAS, in its flame or flameless variations, is the method of choice in many studies. In
the procedure of Slavin et al. (1975), tissues were wet ashed and the residues taken up in di-
lute acid and analyzed'with the furnace accessory of an AAS unit. A large number of reports
representing slight variations of this basic technique have appeared over the years (Lawrence,
1982, 1983). Flame procedures, being less sensitive than the graphite furnace method, require
more sample than may be available or are restricted to measurement in tissues where levels are
relatively high, e.g., kidney. In the method of Farris et al. (1978), samples of brain,
liver, lung, or spleen (as discrete segments) were lyophilized and then solubilized at room
temperature with nitric acid. Following neutralization, lead was extracted into methyliso-
butylketone with ammonium pyrrolidinecarbodithioate and aspirated into the flame of an AAS
unit. The reported relative precision was 8 percent.
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9.2.3 Quality Assurance Procedures In Lead Analysis
Regardless of technical differences among the different methodologies for lead analysis,

one can define the quality of such techniques as being of certain categories: (1) poor accu-
racy and poor precision; (2) poor accuracy and good precision; or (3) good accuracy and good
precision. In terms of available infomation, the major focus in assessing quality has been
on blood lead determinations.

According to Boutwell (1976), the use of quality control testing for lead measurement
rests on four assumptions: (1) that the validity of the specific procedure for lead in some
matrix has been established; (2) that the stability of the factors making up the method has
been both established and manageable; (3) that the validity of the calibration process and the
calibrators with respect to the media being analyzed has been established; and (4) that surro-
gate quality control materials of reliably determined analyte content can be provided. These
assumptions, when translated Into practice, revolve around steps employed within the labora-
tory, using a battery of "Internal checks" and a further reliance on "external checks" such as
a formal, well-organized, multl-laboratory proficiency testing program.

Analytical quality protocols can be further divided Into start-up and routine procedures,
the former entailing the establishment of detection limits, "within-run" and "between-run"
precision, and recovery of analyte. When a new method is adopted for some specific analytical
advantage, the procedure is usually tested Inside or outside the laboratory for comparative
performance. For example, Hicks et al. (1973) and Kubasik et al. (1972) reported that flame-
less techniques for measuring lead in whole blood had a satisfactory correlation with results
using conventional flame procedures. Matson et al. (1971) noted a good agreement between ASV
and both AAS and dithizone colorimetric techniques. The problem with such comparisons 1s that
the reference method Is assumed to be accurate for the particular level of lead in a given
matrix. High correlations obtained in this manner may simply indicate that two Inaccurate
methods are simultaneously performing with the same level of precision.

Preferable approaches for assessing accuracy are the use of certified samples determined
by a definitive method or direct comparison of different techniques with a definitive proce-
dure. For example, Eller and Hartz (1977) compared the precision and accuracy of five availa-
ble methods for measuring lead 1n blood: dithizone spectrouetry, extraction and tantalum boat
AAS, extraction and flame aspiration AAS, direct aspiration AAS, and graphite furnace AAS
techniques. Porcine whole blood certified by NBS using IDMS at 1.00 pq/g (±0.023) was tested
and all methods were found to be equally accurate. The tantalum boat technique was the least
precise. The obvious limitation of data from this technique is that they relate to a high
blood lead content, suitable for use in measuring the exposure of lead workers or in some
other occupational context, but less appropriate for clinical or ep1deniolog1cal investi-
gations.
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Boone et al. (1979) compared the analytical performance of 113 laboratories using various
methods and 12 whole blood samples (blood from cows fed a lead salt) certified as to lead con-
tent using IDMS at the NBS. Lead content ranged from 13 to 102 ug/dl, determined by ASV and
five variations of AAS. The order of agreement with NBS values, I.e., relative accuracy, was
as follows: extraction > ASV > tantalum strip > graphite furnace > Delves cup > carbon rod.
The AAS methods all showed bias, having positive values at less than 40 ug/dl and negative
values at levels greater than 50 ug/dl. ASV showed less of a positive bias problem, although
1t was not bias free within either of the blood lead ranges. In terms of relative precision,
the ranking was: ASV > Delves cup > tantalum strip > graphite furnace > extraction > carbon
rod. The overall ranking 1n accuracy and precision Indicated: ASV > Delves cup > extraction
> tantalum strip > graphite furnace > carbon rod. As the authors cautioned, the above data
should not be taken to Indicate that any established laboratory using one particular technique
would not perform better; rather, It should be used as a guide for newer facilities choosing
among methods.

A number of steps 1n quality assurance pertinent to the routine measurement of lead are
necessary In an ongoing program. With respect to Internal checks of routine performance,
these steps Include calibration and precision and accuracy testing. With biological matrices,
the use of matrix-matched standards 1s quite Important, as 1s an understanding of the range of
linearity and variation of calibration curve slopes from day to day. Analyzing a given sample
1n duplicate 1s common practice, with further replication carried out if the first two deter-
minations vary beyond a predetermined range. A second desirable step 1s the analysis of sam-
ples collected In duplicate but analyzed "blind" to avoid bias.

Monitoring accuracy within the laboratory 1s limited to the availability of control sam-
ples having a certified lead content 1n the same medium as the samples being analyzed. Con-
trols should be as physically close to the media being analyzed as possible. Standard refer-
ence materials (SRMs), such as orchard leaves and lyophHlzed bovine liver, are of help in
some cases, but NBS-cert1f1ed blood samples are needed for the general laboratory community.
Whole blood samples, prepared and certified by the marketing facility (TOX-EL, A.R. Smith Co.,
Los Angeles, CA; Kaulson Laboratories, Caldwell, NJ; Behrlngwerke AG, Marburg, W. Germany; and
Health Research Institute, Albany, NY) are available commercially. With these samples, atten-
tion must be paid to the reliability of the methods used by reference laboratories. The use
of such materials, from whatever source, must minimize bias; for example, the attention given
control specimens should be the same as that given routine samples.

Finally, the most important form of quality assurance 1s the ongoing assessment of lab-
oratory performance by proficiency testing programs using externally provided specimens for
analysis. Earlier Interlaboratory surveys of lead measurement 1n blood and 1n urine indicated

9-17



that a number of laboratories had performed unsatisfactorily, even when dealing with high con-
centrations of lead (Keppler et al., 1970; Donovan et al., 1971; Berlin et al., 1973), al-
though some of the problems may have originated in the preparation and status of the blood
samples during and after distribution (World Health Organization, 1977). These earlier tests
for proficiency indicated the following: (1) many laboratories were able to achieve a good
degree of precision within their own facilities; (2) the greater the number of samples rou-
tinely analyzed by a facility, the better the performance; and (3) 30 percent of the labora-
tories routinely analyzing blood lead reported values differing by more than 15 percent from
the true level (Pierce et al., 1976).

In the more recent, but very Halted, study of Paulev et al. (1978), five facilities par-
ticipated in a survey, using samples to which known amounts of lead had been added. For lead
in both whole blood and urine, the interlaboratory coefficient of variation was reported to be
satisfactory, ranging from 12.3 to 17.2 percent. Aside from its limited scope, this study
used "spiked" instead of 1_n vivo lead, so that extraction techniques used in most of the labo-
ratories surveyed would have given m1slead1ng1y better results in terms of actual recovery.

Maher et al. (1979) described the outcome of a proficiency study Involving up to 38 lab-
oratories that analyzed whole blood pooled from a large number of samples submitted for blood
lead testing. The Delves cup technique was the most heavily represented, followed by the che-
lation-extraction plus flame AAS method and the graphite furnace AAS method. ASV was used by
only approximately 10 percent of the laboratories, so that the results basically portray AAS
methods. All laboratories had about the same degree of accuracy, with no evidence of consis-
tent bias, while the interlaboratory coefficient of variation was approximately 15 percent. A
subset of this group, certified by the American Industrial Hygiene Association (AIHA) for air
lead, showed a corresponding precision figure of approximately 7 percent. Over time, the sub-
set of AIHA-certified laboratories remained about the same in proficiency, while the other
facilities showed continued improvement 1n both accuracy and precision. This study indicates
that program participation does help the performance of a laboratory doing blood lead determi-
nations.

The most comprehensive proficiency testing program is that carried out by the Centers for
Disease Control (COC) of the U.S. Public Health Service (USPHS). This testing program con-
sists of two operationally and administratively distinct subprograms, one conducted by the
Center for Environmental Health (CEH) and the other by the Licensure and Proficiency Testing
Division, Laboratory Improvement Program Office (LIPO). The CEH program is directed at fa-
cilities involved in lead poisoning prevention and screening, while LIPO is concerned with
laboratories seeking certification under the Clinical Laboratories Improvement Act of 1967 as
well as under regulations of the Occupational Safety and Health Administration (OSHA). Both
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the CEH and LIPO protocols Involve the use of bovine whole blood certified as to content by
reference laboratories (6 1n the CEH progran, 20-23 1n LIPO) with an ad hoc target range of ±6
(jg/dl for values of 40 |jg/dl or less and ±15 percent for higher levels. Three samples are
provided monthly from CEH, for a total of 36 yearly, while LIPO participants receive three
samples quarterly (12 samples yearly). Use of a fixed range rather than a standard deviation
has the advantage of allowing the monitoring of overall laboratory improvement.

For fiscal year (FY) 1981, 114 facilities were 1n the CEH program, 92 of them participa-
ting for the entire year. Of these, 57 percent each month reported all three samples within
the target range, and 85 percent on average reported two out of three samples correctly. Of
the facilities reporting throughout the year, 95 percent had a 50 percent or better perfor-
mance, I.e., 18 blood samples or better. Comparing the summary data for FY 1981 with earlier
annual reports, one sees considerable Improvement in the number of laboratories achieving
higher levels of proficiency. For the Interval FY 1977-79, there was a 20 percent increase 1n
the number correctly analyzing more than 80 percent of all samples and a 33 percent decrease
in those reporting less than 50 percent correct. In the last several years, FY 1979-81, over-
all performance has more or less stabilized.

With the LIPO program for 1981 (Dudley, 1982), the overall laboratory performance aver-
aged across all quarters was 65 percent of the laboratories analyzing all samples correctly
and approximately 80 percent performing well with two of three samples. Over the 4 years of
this program, an increasing ability to analyze lead 1n blood correctly has been demonstrated.
Dudley's (1982) survey also indicates that reference laboratories in the LIPO program are be-
coming more accurate relative to IOMS values, i.e., bias over the blood lead range 1s con-
tracting.

Current OSHA criteria for certification of Iaboratories''measur1ng occupational blood lead
levels require that eight of nine samples, 89 percent, be within 6 ug/dl or 15 percent of re-
ference laboratory means for samples sent over the three previous quarters (U.S. Occupational
Safety and Health Administration, 1982). These criteria reflect the ability of a number of
laboratories to perform at this level.

Note that most proficiency programs, Including the CEH and LIPO surveys, are appropriate-
ly concerned with blood lead levels encountered In such cases as pedlatrlc screening for ex-
cessive exposure to lead or 1n occupational exposures. As a consequence, underrepresentation
of lead values 1n the low end of the "normal" range occurs. In the CEH distribution for FY
1981, four samples (11 percent) were below 25 ug/dl. The relative performance of the 114
facilities with these samples indicates outcomes much better than with the whole sample range.
This relative distribution of low blood lead samples appears to have continued to the present.
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The National Bureau of Standards has recently made available certified porcine blood lead
standard reference material (SRM 955) at two levels of blood lead. Certified urine lead
samples are also being offered.

9.3 DETERMINATION OF ERYTHROCYTE PORPHYRIN (FREE ERYTHROCYTE PROTOPORPHYRIN,
ZINC PROTOPORPHYRIN)

9.3.1 Methods of Erythrocyte Porphyrin Analysis
Lead exposure results 1n Inhibition of the final step in hene biosynthesis, the Insertion

of iron Into protoporphyrln IX to form heme. Inhibition of this step leads to an accumulation
of the porphyrln, with zinc (II) occupying the position normally filled by Iron. Depending on
the particular method of analysis, zinc protoporphyrln (ZPP) Itself or the metal-free form,
free erythrocyte protoporphyrln (FEP), 1s measured. FEP generated as a consequence of cheml-
cal manipulation should be kept distinct from the metal-free form biochemically produced 1n
the disease, erythropoletlc protoporphyrla. The chemical or "wet" methods measure FEP or ZPP,
depending upon the relative acidity of the extraction medium. The hematof1uorometcr in Its
commercially available form measures ZPP.

PorphyHns are labile due to photochemical decomposition; hence, samples must be protect-
ed from light during collection and handling and analyzed as soon as possible. Hematocrits
must also be obtained to adjust for anemic subjects.

In terms of methodological approaches for erythrocyte porphyrin (EP) analysis, virtually
all methods now in use exploit the ability of porpnyrlns to undergo intense fluorescence when
excited at the appropriate wavelength of light. Such fluorometMc techniques can be further
classified as wet chemical micromethods or as mlcromethods using a recently developed instru-
ment, the hematofluorometer. The latter involves direct measurement In whole blood. Because
the mammalian erythrocyte contains all of the EP in whole blood, either packed cells or whole
blood may be used, although the latter is more expedient.

Because of the relatively high sensitivity of fluorometric measurement for FEP or ZPP,
laboratory methods for spectrofluorometHc analysis require a relatively small sample of
blood; hence, microtechniques are currently the most popular in most laboratories. These in-
volve either liquid samples or blood collected on filter paper, the latter used particularly
in Meld sampling.

As noted above, chemical methods for EP analysis measure either FEP, .where zinc is chemi-
cally removed, or ZPP, where zinc Is retained. The procedures of Piomelli and Davidow (1972),
Granick et al. , (1972), and CMsholm and Brown (1975) typify "free" EP methods, while those of
Lamola et al. (1975), Joselow and Flores (1977), and Chisolm and Brown (1979) involve mea-
surement of zinc EP.
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In PlomelH and Davidow's (1972) nrlcroprocedure, small volumes of whole blood, analyzed
either directly or after collection on filter paper, were treated with a suspension of Cellte
in saline followed by a 4:1 mixture of ethyl acetate to glacial acetic add. After agitation
and centrifugation, the supernatant was extracted with 1.5N HC1. The add layer was analyzed
fluorometrlcally using an excitation wavelength of 405 nm and measurement at 615 nm. Blood
collected on filter paper discs was first eluted with 0.2 ml H20. The filter paper method was
found to work just as well as liquid samples of whole blood. Protoporphyrln IX was employed
as a quantitative standard. Granick et al. (1972) used a similar nrfcroprocedure, but it dif-
fered in the concentration of add employed and the use of a ratio of maxima.

In Chisoln and Brown's (1975) variation, volumes of 20 ul of whole blood were treated
with ethyl acetate/acetic add (3:1) and briefly mixed. The acid-extraction step was done
with 3N HC1, followed by a further dilution step with more acid if the value was beyond the
range of the calibration curve. In this procedure, protoporphyrin IX was used as the working
standard, with coproporphyrln (a precursor to protoporphyrin) used to monitor the calibration
of the fluorometer and any variance with the protoporphyrin standard.

Lamola et al. (1975) analyzed the ZPP as such in their procedure. Small volumes of blood
(20 ul) were worked up in a detergent (dimethyl dodecylanine oxide) and phosphate buffer solu-
tion, and fluorescence was measured at 594 nm with excitation at 424 nm. In the variation of
Joselow and Flores (1977), 10 ul of whole blood was diluted 1000-fold, along with protoporphy-
ri n (Zn) standards, with the detergent-buffer solution. Note that the ZPP standard is virtu-
ally impossible to obtain in pure form. CMsolm and Brown (1979) reported the use of proto-
porphyri n IX plus very pure zinc salt for such standards.

In the single-extraction variation of Orfanos et al. (1977), liquid samples of whole
blood (40 ul) or blood on filter paper were treated with acidified ethanol. The mixtures were
agitated and centrlfuged, and the supernatants analyzed directly in fluorometer cuvettes. For
blood samples on filter paper, blood was first leached from the paper with saline by soaking
for 60 m1n. Coproporphyrln was used as the quantitative standard. The correlation coeffici-
ent with the PiomelH and Oavldow (1972) procedure Csee above) over the range 40-650 ug EP/dl
RBCs was r = 0.98. As In the above methods, ZPP Itself is measured.

Regardless of the extraction methods used, some instrumental parameters are important,
including the variation between cut-offs in secondary emission filters and variation among
photomultiplier tubes in the red region of the spectrum. Hanna et al. (1976) compared four
mlcromethods for EP analysis: double extraction with ethyl acetate/acetic acid and with HC1
(Piomelli and Davidow, 1972), single extraction with either ethanol or acetone (Chisolm et
al., 1974), and direct solubllization with detergent (Lamola et al., 1975). Of these, the
ethyl acetate and ethanol procedures were satisfactory; complete extraction occurred only with

9-21



the ethyl acetate/acetic add method. In the method of CMsholm et al. (1974), the choice of
acid and Its concentration appears to be more significant than the choice of organic solvent.

The levels of precision with these wet mlcronethods differ with the specifics of analy-
sis. Piomelli (1973) reported a coefficient of variation (C.V.) of 5 percent, compared to
Herber's (1980) observation of 2-4 percent for the methods per se and 6-11 percent total C.V.,
which Included precision of samples, standards, and day-to-day variation. The Lamola et al.
(1975) method for ZPP measurement was found to have a C.V. of 10 percent (same day, presuma-
bly), whereas Herber (1980) reported a day-to-day C.V. of 9.3-44.6 percent. Herber (1980)
also found that the wet chemical mlcromethod of PI one111 (1973) had a detection limit of 20 ug
EP/dl whole blood, while that of Lamola et al. (1975) was sensitive to 50 ug EP/dl whole
blood.

The recent development of direct Instrumental measurement of ZPP with the hematof1uoro-
meter has made 1t possible to use EP measurement in field screening for lead exposure in large
groups of subjects. However, hematofluorometers were developed for and remain most useful for
lead screening programs; they were not meant to be laboratory substitutes for the chemical
methods of EP analysis. (See Section 9.3.2 for a comparative discussion.) As originally de-
veloped by Bell Laboratories (Blumberg et al., 1977) and now produced commercially, the appa-
ratus employs front-face optics, in which excitation of the fluorophore 1s at an acute angle
to the sample surface, with emitted light emerging from the same surface and thus being de-
tected. Routine calibration requires a stable fluorescing material with spectra comparable to
ZPP; the triphenylraethane dye Rhodamine B 1s used for this purpose. Absolute calibration re-
quires adjusting the microprocessor-controlled readout system to read the known concentration
of ZPP in reference blood samples, the latter calibration performed as frequently as possible.

Hematofluorometers are designed for measuring EP in samples containing oxyhemoglobln,
i.e., capillary blood. Venous blood, therefore, must first be oxygenated, usually by moderate
shaking for approximately 10 m1n (Blumberg et al., 1977; Grandjean and Lintrup, 1978). A
second problem with hematofluorometer use, in contrast to wet chemical methods, is interfer-
ence by bllirubin (Karaclc* et al., 1980; Grandjean and Lintrup, 1978). This Interference oc-
curs with relatively low levels of EP. At levels normally encountered in lead workers or sub-
jects with anemia or nonoccupational lead exposure, the degree of such interference is not
considered significant (Grandjean and Lintrup, 1978). Karaclc" et al. (1980) have found that
carboxyhemoglobin (COHb) may pose a potential problem, but its relevance to EP levels of sub-
jects exposed to lead has not been fully elucidated. Background fluorescence in cover glass
may be a problem and should be tested in advance. Finally, the accuracy of the hematofluoro-
meter appears to be affected by hemolyzed blood.

Competently employed, the hematofluorometer appears to be reasonably precise, but its ac-
curacy may still be biased (see below). Blumberg et al. (1977) reported a C.V. of 3 percent
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over the entire range of ZPP values measured when using a prototype apparatus. Karadc et a1.
(1980) found the relative standard deviation to vary from 1 percent (0.92 mM ZPP/M Hb) to 5
percent (0.41 mM ZPP/M Hb) depending on concentration. Grandjean and Lintrup (1978) obtained
a day-to-day C.V. of 5 percent using blood samples refrigerated for up to 9 weeks. Herber
(1980) obtained a total C.V. of 4.1-11.5 percent.

A number of Investigators have compared EP measured by the hematofluorometer with EP mea-
sured by the laboratory or wet chemical techniques, ranging from a single, Intralaboratory
comparison to Interlaboratory performance testing. The latter Included the EP proficiency
testing program of the USPHS1 COC. Working with prototype Instrumentation, Blunberg et al.
(1977) obtained correlation coefficients of r = 0.98 (range: 50-800 ug EP/dl RBCs) and 0.99
(range: up to 1000 ug EP/dl RBCs) for comparisons with the Granlck and Plonelll methods,
respectively. Grandjean and Lintrup (1978), Castoldl et al. (1979) and Karaclc et al. (1980)
have achieved equally good correlation results.

Several reports (Culbreth et al., 1979; Scoble et al., 1981; Smith et al., 1980) have
described the application of high-performance liquid chromatography (HPLC) to the analysis of
either PEP or ZPP In whole blood. In one of the studies (Scoble et al., 1981), the protopor-
phyrlns as well as coproporphyr 1 n and mesoporphyrln IX were reported to be determined on-Hne
fluorometrlcally 1n less than 6 m1n using 0.1 ml of blood sample. The HPLC approach remains
to be tested 1n Interlaboratory proficiency programs.

9.3.2 Interlaboratory Testing of Accuracy and Precision 1n EP Measurement
In a relatively early attempt to assess Interlaboratory proficiency in EP measurement,

Jackson (1978) reported results of a survey of 65 facilities that analyzed 10 whole blood sam-
ples by direct measurement with the hematof1uorometer or by one of the wet chemical methods.
In this survey, the Instrumental methods had a low bias compared to the extraction techniques
but tended to show better Interlaboratory correlation.

At present, CDC's ongoing EP proficiency testing program constitutes the most comprehen-
sive assessment of laboratory performance (U.S. Centers for Disease Control, 1981). Every
month, three samples of whole blood prepared at the University of Wisconsin Laboratory of
Hygiene are forwarded to participants. Reference means are determined by a group of reference
laboratories with a target range of ±15 percent across the whole range of EP values. For FY
1981, of the 198 laboratories participating, 139 facilities were Involved for the entire year.
Three of the 36 samples 1n the year w«re not Included. Of the 139 year-long participants,
93.5 percent had better than half of the samples within the target range, 84.2 percent per-
formed satisfactorily with 70 percent or more of the samples within range, and 50.4 percent of
all laboratories had 90 percent or more of the samples yielding the correct results. The par-
ticipants as a whole showed greater proficiency than 1n the previous year. Of the various
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methods currently used, the hematofluorometer direct measurement technique was most heavily
represented. For example, 1n the January 1982 survey of the three major techniques, 154 par-
ticipants used the hematofluorometer, 30 used the PlomelH method, and 7 used the Chlsolm/
Brown method.

A recent survey by Balanut et al. (1982) raises the troublesome observation that the use
of commercially available hematofluoroneters may yield satisfactory proficiency results but
still be Inaccurate when compared to the wet chemical method using freshly drawn whole blood.
Two hematofluorometers 1n wide use performed well 1n proficiency testing but showed an appro-
ximately 30 percent negative bias with clinical samples analyzed by both Instrument and chemi-
cal microtechniques. This bias leads to false negatives when used in screening. Periodic
testing of split samples by both fluorometer and chemical means is necessary to monitor, and
correct for, instrument negative bias. The basis of the bias is much more than can be ex-
plained by the difference between FEP and ZPP. This survey points out precautions noted
earlier on the restrictive use of the hematofluorometer to screening situations.

Mitchell and Doran (1985) compared EP values measured in their laboratory by the chemical
extraction technique with results obtained by the hematofluorometer in 21 other laboratories.
These workers found that (a) hematofluorometer results were 11-28 percent lower than the cor-
responding chemical method values, (b) hematofluorometers demonstrated mean error of up to 3
percent for proficiency samples, and (c) hematofluorometers showed a negative bias cf 20 per-
cent at EP levels of 50 ug/dl and would miss about one third (false negatives) of children at
or somewhat above this level.

One factor that can be Important in the relative accuracy of the hematofluorometer versus
wet chemical methods is the relative stability of ZPP levels as a proportion of total EP
across that age range in childhood of most Interest in screening. Hammond and coworkers
(1984) have observed that the fraction of ZPP versus total EP was at a relative minimum at 3
months of age in 165 children serially tested, and that it Increased to 1.0 by around 33
months of age. These observations suggest that this variation of proportionality with age
should be taken Into account when screening children under approximately 30 months of age and
when the hematofluorometer 1s the chief means of EP quantification.

The technical basis for this age-related change in proportionality may be spectroscopic,
i.e., changes in erythrocyte size over this age range would lead to differences in cell
packing, which in turn would affect fluorescence yield during front-face irradiation in the
hematofluorometer. A second factor noted by the authors may have to do with relative availa-
bility of zinc. Since zinc deficiency 1s common at this stage of development (see Chapter
10), bioavailability of zinc for a nonessentlal complexing with FEP would be restricted by
homeostatic sparing of the element for physiological needs. However, since the work of
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Chisolm and Brown (1979), using a chemical method, did not reveal any disparity between the
two forms in subjects of the sane age range, there is probably an instrumental artifact
operating here.

9.4 MEASUREMENT OF URINARY COPROPORPHYRIN
The elevation of urinary coproporphyrin (CP-U) with lead Intoxication served as a useful

Indicator of such Intoxication in children and lead workers for many years. Although analysis
of CP-U has declined considerably in recent tines with the development of other testing
methods, such as measurement of EP, It still has the advantage of showing active intoxication
(PiomelH and Grazlano, 1980).

The standard method of CP-U determination is the fluoronetrlc procedure described by
Schwartz et al. (1951). Urine samples are treated with acetate buffer and aqueous Iodine, the
latter converting coproporphyr1nogen to coproporphyrin (CP). The porphyrin 1s partitioned
into ethyl acetate and back extracted (4 tines) with 1.5N HC1. Coproporphyrin 1s employed as
the quantitative standard. Working curves are linear below 5 ug CP/1 urine.

In the absorption spectrometMc technique of Haeger-Aronsen (1960), iodine is also used
to convert coproporphyrlnogen to CP. The extractant is ethyl ether, from which the CP 1s re-
moved with 0.1N HC1. Absorption 1s read at three wavelengths, 380, 430, and the Soret maximum
at 402 nm. Quantification 1s carried out using an equation involving the three wavelengths.

9.5 MEASUREMENT OF DELTA-AMINOLEVULINIC ACID DEHYDRASE ACTIVITY
Delta-aminolevuHnlc add dehydrast (5-am1nolevul1nate hydrolase; porphob 111 nogen synthe-

tase; E.C. 4.2.1.24; I.e., ALA-0) 1s an allosteric sulfhydryl enzyme that mediates the con-
version of two units of 5-am1nolevulinic add (6-ALA) to porphobi 11 nogen, a precursor in the
heme biosynthetlc pathway to the porphyrlns. Lead's inhibition of the activity of this enzyme
is the enzymological basis of ALA-O's diagnostic utility in assessing lead exposure using
erythrocytes.

A number of sampling precautions are necessary when measuring this enzyme's activity.
ALA-D activity 1s modified by the presence of zinc as well as lead. Consequently, blood col-
lection tubes that have high background zinc content, mainly in the rubber stoppers, must be
avoided completely or care must be taken to avoid stopper contact with blood. Nackowski et
al. (1977) observed that the presence of zinc 1n blood collection tubes is a pervasive prob-
lem, and plastic-cup tubes appear the only practical means to avoid it. To guard against zinc
in the tube itself, one should determine the extent of zinc Teachability by blood and use one
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tube lot, if possible. Heparln 1s the anticoagulant of choice, because the lead binding
agent, EDTA, or other chelants would affect the lead-enzyme interaction. The relative in-
stability of the enzyme 1n blood makes rapid determinations of activity necessary, preferably
as soon after collection as possible. Even with refrigeration, analysis of activity should be
done within 24 hr (Berlin and Schaller, 1974). Furthermore, porphoblllnogen 1s light labile,
which requires that the assay be done under restricted light.

Various procedures for ALA-0 activity measurement are chemically based on measurement of
porphobilinogen generated from the substrate. Delta-ALA porphoblllnogen 1s condensed with p-
dimethyl aminobenzaldehyde (Ehrllch's reagent) to yield a chromophore measured at 553 nm in a
spectrophotometer. In the European Standardized Method for ALA-0 activity measurement (Berlin
and Schaller, 1974), developed with the collaboration of nine laboratories for use with blood
samples having relatively low lead content, triplicate blood samples (0.2 ml) are hemolyzed,
along with a blood blank, with water for 10 min at 37°C. Samples are then mixed with 6-ALA
solution and incubated for 60 rain. The enzyme reaction is terminated by addition of a solu-
tion of mercury (II) 1n trfchloroacetlc add, followed by centrifugation and filtration. Fil-
trates are mixed with modified Ehrllch's reagent (p-dimethyl aminobenzalehyde in trichloro-
acetic/perchloric add mixture) and allowed to react for 5 m1n, followed by chromophore
measurement in a spectrophotometer at 555 nm. Activity 1s quantified in terms of uM 5-ALA/
min-1 erythrocytes. Note that the amount of phosphate for Solution A in Berlin & Schaller's
(1974) report should be 1.78 g, not the 1.38 g stated. In a microscale variation, Granlck et
at (1973) used only 5 ^1 of blood and terminated the assay by trlchloroacetic acid.

In comparing various reports concerning the relationship between lead exposure and ALA-0
inhibition, attention should be paid to the units of activity measurement employed with the
different techniques. Berlin and Schaller1s (1974) procedure expresses activity as uM 6-ALA/
min-1 cells, while Tomokuni's (1974) method expresses activity as uM porphobiUnogen/hr/ml
cells. Similarly, when comparing the Bonslgnore et al. (1965) procedure to that of Berlin and
Schaller (1974), a conversion factor of 3.8 is necessary when converting from Bonslgnore to
European Standard Method units (Trevisan et al., 1981).

Several factors have been shown to affect ALA-D activity. Rather than measuring enzyme
activity in blood once, Granlck et al. (1973) measured activity before and after treatment
with dithiothreltol, an agent that reactivates the enzyme by complexlng lead. The ratio of
activated to unactivated enzymes versus blood lead levels accommodates inherent differences in
enzyme activity among individuals due to genetic factors and other reasons. Other agents for
such activation include zinc (FinelH et al., 1975) and zinc plus glutathione (Mitchell et
a!., 1977) In the Mitchell et al. (1977) study, nonphysiologlcal levels of zinc were used.
Wigfield and Farant (1979) found that enzyme activity 1s related to assay pH; thus, reduced
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activity from such a pH-act1v1ty relationship could be misinterpreted as lead Inhibition.
These researchers find that pH shifts away from optimal, 1n terms of activity, as blood lead
content Increases and the Incubation step proceeds.

9.6 MEASUREMENT OF DELTA-AMINOLEVULINIC ACID IN URINE AND OTHER MEDIA
De1ta-am1nolevu11nic add (6-ALA) levels Increase with elevated lead exposure, because of

the Inhibitory effect of lead on the activity of ALA dehydrase and/or the Increase of ALA syn-
thetase activity by feedback derepresslon. The result Is that this Intermediate In hene bio-
synthesis rises in the body and eventually results 1n Increased urinary excretion. The meas-
urement of this metabolite 1n urine provides an Indication of the level of lead exposure.

The ALA content of urine samples (ALA-U)is stable for approximately 2 weeks or more 1f
urine samples are acidified with tartar 1c or acetic add and kept refrigerated. Values of
ALA-U are adjusted for urine density 1f concentration 1s expressed in mg/1 or 1s measured per
gran creatinine. As noted in the case of urinary lead measurement, 24-hr collection 1s more
desirable than spot sampling.

Five manual procedures and one automated procedure for urinary ALA measurement are most
widely used. Mauzerall and Granlck (1956) and Davis and Andelman (1967) described the most
Involved procedures, requiring the Initial chromatographlc separation of ALA. The approach of
Grabecki et al. (1967) omitted chromatographic Isolation, whereas the automated variation of
Lauwerys et al. (1972) omitted prechromatography but included the use of an Internal standard.
Tomokuni and Ogata (1972) omitted chromatography but employed solvent extraction to Isolate
the pyrrole intermediate.

Mauzerall and Granlck (1956) condensed ALA with a p-d4carbonyl compound, acetylacetone,
at pH 4.6 to yield a pyrrole Intermediate (Knorr condensation reaction), which was further re-
acted with p-d1 methyl ami nobenzal dehyde In perchloric/acetic add. The samples were then read
in a spectrophotometer at 553 nm 15 m1n after mixing. In this method, both porphobllinogen
and ALA are separated from urine by means of a dual-column configuration of cation and an ion
exchange resins. The latter retains the porphobllinogen and the former separates ALA from
urea. The detection limit 1s 3 umol/1 urine. In the modification of this method by Davis and
Andelman (1967), disposable cat1on/an1on resin cartridges were used, in a sequential configu-
ration, to expedite chromatographlc separation and Increase the sample analysis rate. Commer-
cial (Bio-Rad) disposable columns based on this design are now available and appear satis-
factory.

In these two approaches (Mauzerall and Granlck, 1956; Davis and Andelman, 1967), the pro-
blem of interference due to aminoacetone, a metabolite occurring 1n urine, is not taken Into
account. However, Marver et al. (1966) used Dowex-1 1n a chromatographlc step subsequent to
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the condensation reaction to form the pyrrole. This step separates the ALA derivative from
that of the amlnoacetone. Similarly, Schlenker et al. (1964) used a cation-exchange colunn to
retain amlnoacetone.

Tomokunl and Ogata (1972) condensed ALA with ethylacetoacetate and extracted the re-
sulting pyrrole with ethyl acetate. The extract was then treated with Ehrllch's reagent and
the resulting chronophore measured spectrophotometrlcally. Lauwerys et al. (1972) developed
an automated ALA analysis method for lead worker screening 1n which ALA was added 1n known
amount as an Internal standard and the prechromatography was avoided. They reported a high
correlation (r = 0.98, no range available) with the procedure of Hauzerall and Granlck (1956).

Roels et al. (1974) compared the relative proficiency of four methods—those of
Mauzerall and Granlck (1956), Davls and Andelman (1967), the Lauwerys et al. (1972) automated
version, and the Grabeckl et al. (1967) method, which omits chromatographlc separation and Is
normally used with occupational screening. The chromatographlc methods gave Identical results,
over the range of 0-60 mg ALA/1 urine, while the automated method showed a positive bias at <6
mg/1. The Grabeckl et al. (1967) technique was the least satisfactory of the procedures com-
pared. Roels et al. (1974) also noted that commercial Ion-exchange columns resulted In low
variability (<10 percent).

Delia Florentine et al. (1979) combined the Tomokunl and Ogata (1972) extraction method
with a correction equation for urine density. Up to 25 mg ALA/1, the C.V. was 54 percent
along with a good correlation (r = 0.937) with the Davls and Andelnan (1967) technique. While
avoiding prechromatography saves time, one must prepare a curve relating urine density to a
correction factor for quantitative measurement.

Although ALA analysis 1s normally done with urine as the Indicator medium, Haeger-Aronsen
(1960) reported a similar colorlmetrlc method for blood and MacGee et al. (1977) described a
gas-11 quid chromatographlc (GLC) method for ALA 1n plasma as well as urine. Levels of ALA 1n
plasma are much lower than those 1n urine. In the latter method, ALA was Isolated from
plasma, reacted with acetyl-acetone, and partitioned Into a solvent (trimethylphenyl-
hydroxlde), which also served for pyrolytlc methylatlon 1n the Injection port of the gas-
11 quid chromatograph; the methylated pyrrole was more amenable to chromatographlc isolation
than the more polar precursor. For quantification, an Internal standard, 6-am1no-5-oxohexa-
noic add, was used. The sample requirement 1s 3 ml plasma. Measured levels ranged from 6.3
to 73.5 ng ALA/ml plasma, and yielded values that were approximately tenfold lower than the
colorlmetrlc techniques (O'Flaherty et al., 1980).

In comparing the Haeger-Aronsen (1960) and MacGee et al. (1977) methods, a number of dif-
ferences should be pointed out. First, the colorlmetrlc approach of Haegar-Aronsen does not
employ chromatographlc steps to separate the ALA from other amlnoketones, specifically ami no-
acetone and porphobilinogen. While these other amlnoketones are not known to be positively
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correlated with blood lead, they would add a positive bias to the accuracy of the levels ob-
tained. The GLC method of MacGee and coworkers does not measure simultaneously these amino-
ketones in either plasma or urine, and a reading of the published methodology and its applica-
tion (Q'Flaherty et al., 1980) indicates the procedure is acceptable for urinary ALA and
levels of ALA in plasma associated with relatively high blood lead values, i.e., >40 uQ/dl-
The suitability of the GLC approach for relatively low levels of plasma ALA, i.e., at blood
lead levels below 40 ug/dl, remains to be fully evaluated in the field. A careful reading of
the MacGee et al. report suggests potential interferences with low levels of ALA measurement,
while the methodology has not had wide use or multi-laboratory evaluation. Despite its added
cost, a good overall method for assessing the relationship of plasma ALA to blood lead levels
below 40 ug/dl, now an issue of controversy (see Chapter 12.3), would be use of the MacGee
method in tandem with computerized multiple-ion monitoring in a mass spectrometer. This
method is an absolute means of ALA identification as well as a sensitive means of quantifica-
tion.

9.7 MEASUREMENT OF PYRIMIDINE-5'-NUCLEOTIDASE ACTIVITY
Erythrocyte pyrimidine-51-nucleotidase (S'-ribonucleotide phosphohydrolase, E.G. 3.1.3.5,

i.e., Py5N) catalyzes the hydrolytic dephosphorylation of the pyrimidine nucleotides uridine
monophosphate (UMP) and cytidinemonophosphate (CMP) to uridine and cytidine (Paglia and Valen-
tine, 1975). Enzyme inhibition by lead in humans and animals results in incomplete degrad
ation of reticulocyte ribonucleic acid (RNA) fragments, accumulation of the nucleotides, and
increased cell hemolysis (Paglia et al., 1975; Paglia and Valentine, 1975; Angle and Mclntire,
1978; George and Duncan, 1982).

Two methods are available for measurement of Py5N activity. One is quite laborious in
terms of time and manipulation, while the other is shorter but requires the use of radioiso-
topes and radiometric measurement. In Paglia and Valentine's (1975) method, heparinized
venous blood was filtered through cotton or a commercial cellulose preparation to separate
erythrocytes from platelets and leukocytes. Cells were given multiple saline washings, packed
lightly, and subjected to freeze hemolysis. The hemolysates were dialyzed against a saline-
Tris buffer containing MgCl2 and EDTA to remove nucleotides and other phosphates. The assay
system consists of dialyzed hemolysate, MgCl2, Tris buffer at pH 8.0, and either UMP or CMP;
incubation is for 2 hr at 37°C. Activity is terminated by treatment with 20 percent trichlo-
roacetic acid, followed by centrifugation. The supernatant inorganic phosphate, P^, is meas-
ured by the classic method of Fiske and Subbarow (1925), and the phosphomolybdic acid complex
is measured spectrophotometrically at 660 nm. A unit of enzyme activity is expressed as
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umol P^/hr/g hemoglobin. Hemolysates appear to be stable (90 percent) with refrigeration at
4°C for up to 6 days, provided that mercaptoethanol is added at the time of assay. Like the
other method, activity measurement requires the determination of hemoglobin.

In the simpler approach of Torrance et al. (1977), which can be feasibly applied to much
larger numbers of samples, erythrocytes were separated from leukocytes and platelets with a
1:1 mixture of microcrystalline and alphacellulose, followed by saline washing and hemolysis
with a solution of mercaptoethanol and EDTA. Hemolysates were incubated with a medium con-
taining purified 14C-CMP and MgCl2 for 30 min at 37°C. The reaction was terminated by sequen-
tial addition of barium hydroxide and zinc sulfate solution. Proteins and unreacted nucleo-
tide were precipitated, leaving the labeled cytidine in the supernatant. Aliquots were
measured for 14C-activity in a liquid scintillation counter. Enzyme activity was expressed as
nM CHP/min/g hemoglobin. The blank activity was determined for each sample by carrying out
the precipitation step as soon as the hemolysate was mixed with the labeled CHP, i.e., t = 0.
This procedure shows a good correlation (r = 0.94; range: 135-189 enzyme units) with the
method of Paglia and Valentine (1975). The two methods express units of enzyme activity dif-
ferently, so that one must know which method is used when comparing enzyme activity.

9.8 MEASUREMENT OF PLASMA 1,25-DIHYDROXYVITAMIN D
The active form of vitamin D in bone mineral metabolism, including absorption of calcium

and phosphorus as well as bone resorption of these minerals, is the hormonal metabolite,
1,25-dihydroxyvitamin 0 (1,25-(OH)2D). Given the growing interest in the adverse effects of
lead on the biosynthesis of this crucial metabolite (see Chapters 10, 12 and 13), a brief
discussion of the quantitative measurement of this metabolite is merited. Techniques for
measurement of 1,25-(OH)2D are all of recent vintage, are all rather lengthy procedurally, and
al' require a rather high level of laboratory expertise and proficiency.

Reported methodology, whatever the differences in specific details, can be broken down
into three discrete steps: (1) isolation of the metabolite from plasma or serum by liquid-
liquid extraction using solvents common in lipid analysis; (2) preconcentration of the ex-
tracts and chromatographic purification using Sephadex LH-20 or Lipidex 5000 columns along
with, in some cases, HPLC; and (3) subsequent quantisation by either of two radiometric bind-
ing techniques: the more common competitive protein binding (CPB) assay or radioimmunoassay
(RIA). The CPB assay normally involves the use of a receptor protein in the intestinal cyto-
sol of chicks made vitamin 0-deficient.

Most illustrative of 1,25-(OH)2D measurement is the technique of Shepard et al. (1979),
which also includes steps for the analysis of other metabolites not discussed here. Human

9-30



plasma, 3-5 ml, to which tritiated metabolite 1s added as tracer Internal standard, is ex-
tracted with a mixture of methanol and methylene chloride, followed by separation of the
(OH)20 fraction (to Include the 24,25- and 25,26-(OH)2 metabolites) from other metabolites
using a Sephadex LH-20 column. Subsequent use of HPLC (straight phase, Zorbax-SlL) separates
the 1,25-(OH)2 metabolite from the other two dihydroxylated products. Quantification is by
CPB assay. In human adults, the mean metabolite level is 31 picograms/ml. Limit of detection
is 5 picograms/analytical tube, mean recovery is 58.4 percent, and the within-run and between-
run coefficients of variation are 17 and 26 percent, respectively.

Two interlaboratory surveys of Methodology for vitamin D metabolite analysis have recent-
ly been described (Jongen et al., 1982; Jongen et al., 1984). In the more recent and compre-
hensive of the two (Jongen et al., 1984), 15 laboratories carried out analyses of eight plasma
samples and two standards for 1,25-(OH)2D. Mean Interlaboratory coefficient of variation for
analysis of 1,25-(OH)20 in the plasma samples was 52 percent. In this survey, nine labora-
tories used the CPB assay, with six using RIA for quantitation. The major reason, however,
for the variance appeared to be differences in methods of purification. The upshot of this
survey is that results for a given sample will vary with specifics of procedure. Thus each
laboratory should establish Its own reference values.

9.9 SUMMARY
A complete understanding of a toxic agent's biological effects (including any statement

of dose-effect relationships) requires quantitative measurement of either that agent in some
biological medium or a physiological parameter associated with exposure to the agent. Quanti-
tative analysis Involves a number of discrete steps, all of which contribute to the overall
reliability of the final analytical result: sample collection and shipment, laboratory hand-
ling, instrumental analysis, and criteria for Internal and external quality control.

From a historical perspective, the definition of "satisfactory analytical method" for
lead has been changing steadily as new and more sophisticated equipment has become available
and understanding of the hazards of pervasive contamination along the analytical course has
increased. The best example of this change is the current use of the definitive method for
lead analysis, isotope-dilution mass spectrometry (IDMS) 1n tandem with "ultra-clean" facili-
ties and sampling methods, to demonstrate conclusively not only the true extent of anthropo-
genic input of lead to the environment over the years but also the relative limitations of
most of the methods used today for lead measurement.
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9.9.1 Determinations of Lead 1n Biological Media
The low levels of lead 1n biological Media, even in the face of excessive exposure, and

the fact that sampling of such media must be done against a backdrop of pervasive lead contam-
ination necessitates that samples be collected and handled carefully. Blood lead sampling 1s
best done by venous puncture and collection Into low-lead tubes after careful cleaning of the
puncture site. The use of finger puncture as an alternative method of sampling should be
avoided, if feasible, given the risk of contamination associated with the practice in Indus-
trialized areas. While collection of blood onto filter paper enjoyed some popularity in the
past, paper deposition of blood requires special correction for hematocrIt/hemoglobin level.

Urine sample collection requires the use of lead-free containers as well as addition of a
bactericide. If feasible, 24-hr sampling 1s preferred to spot collection. Deciduous teeth
vary in lead content both within and across type of dentition. Thus, a specific tooth type
should be uniformly obtained for all study subjects and, if possible, more than a single sam-
ple should be obtained from each subject.

Measurements of Lead in Blood. Many reports over the years have purported to offer
satisfactory analysis of lead in blood and other biological media, often with severe Inherent
limitations on accuracy and precision, meager adherence to criteria for accuracy and pre-
cision, and a limited utility across a spectrum of analytical applications. Therefore, it 1s
only useful to discuss "definitive" and, comparatively speaking, "reference" methods currently
in use.

In the case of lead in biological media, the definitive method 1s isotope-dilution mass
spectrometry (IDMS). The accuracy and unique precision of IDMS arise from the fact that all
manipulations are on a weight basis Involving simple procedures, and measurements entail only
lead isotope ratios and not the absolute determinations of the Isotopes involved, which
greatly reduces instrumental corrections and errors. Reproducible results to a precision of
one part in 10*-105 are routine with appropriately designed and competently operated Instru-
mentation. Although this methodology 1s still not recognized in many laboratories, it was the
first breakthrough, 1n tandem with "ultra-clean" procedures and facilities, in definitive
methods for Indexing the progressive increase in lead contamination of the environment over
the centuries. Given the expense, required level of operator expertise, and time and effort
involved for measurements by IDHS, this method mainly serves for analyses that either require
extreme accuracy and precision, e.g., geochronometry, or for the establishment of analytical
reference material for general testing purposes or the validation of other methodologies.

While the term "reference method" for lead 1n biological media cannot be rigorously ap-
olied to any procedures in popular use, the technique of atomic absorption spectrometry (AAS)
in its various configurations, or the electrochemical method, anodic stripping voltamnetry
(ASV), come closest to meriting the designation. Other methods that are generally applied in
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metal analyses are either limited in sensitivity or are not feasible for use on theoretical
grounds for lead analysis.

AAS, as applied to analysis of whole blood, generally involves flame or flameless micro-
methods. One macromethod, the Hessel procedure, still enjoys some popularity. Flame micro-
analysis, the Delves cup procedure, applied to blood lead appears to have an operational sen-
sitivity of about 10 ug/dl blood and a relative precision of approximately 5 percent in the
range of blood lead seen in populations in industrialized areas. The flameless, or electro-
thermal, method of AAS enhances sensitivity about tenfold, but precision can be more proble-
matic because of chemical and spectral interferences.

The most widely used and sensitive electrochemical method for lead in blood is ASV. For
the most accurate results, chemical wet ashing of samples must be carried out, although this
process is time-consuming and requires the use of lead-free reagents. The use of metal ex-
change reagents has been employed in lieu of the ashing step to liberate lead from binding
sites, although this substitution is associated with less precision. For the ashing method,
relative precision is approximately 5 percent. In terms of accuracy and sensitivity, problems
appear at low levels, e.g., 5 MQ/dl or below, particularly if samples contain elevated copper
levels.

Lead in Plasma. Since lead in whole blood is virtually all confined to the erythrocyte,
plasma levels are quite low and extreme care must be employed to measure plasma levels relia-
bly. The best method for such measurement is IDMS, in tandem with ultra-clean facility use.
AAS is satisfactory for comparative analyses across a range of relatively high whole blood
values.

Lead in Teeth. Lead measurement in teeth has involved either whole tooth sampling or
analysis of specific regions, such as dentine or circumpulpal dentine. In either case, sam-
ples must be solubilized after careful surface cleaning to remove contamination; solubili-
zation is usually accompanied by either wet ashing directly or ashing subsequent to a dry
ashing step.

AAS and anodic stripping have been employed mor* frequently for such determinations than
any other method. With AAS, the high mineral content of teeth argues for preliminary isola-
tion of lead via chelation/extraction. The relative precision of analysis for within-run mea-
surement is around 5-7 percent, with the main determinant of variance in regional assay being
the initial isolation step. One change from the usual methods for such measurement is the in
situ measurement of lead by X-ray fluorescence spectrometry in children. Lead measured in
this fashion allows observation of ongoing lead accumulation, rather than waiting for exfolia-
tion.

Lead in Hair. Hair as an exposure indicator for lead offers the advantages of being non-
invasive and a medium of indefinite stability. However, the crucial problem of external

9-33



surface contamination is such that it is still not possible to state that any cleaning
protocol reliably differentiates between externally and internally deposited lead.

Studies that demonstrate a correlation between increasing hair lead and increasing sever-
ity of a measured effect tend to support arguments for using hair as an external indicator of
exposure. Probably, then, such measurement using cleaning protocols that have not been inde-
pendently validated will overstate the relative accumulation of "internal" hair lead in terns
of some endpoint and will also underestimate the relative sensitivity of changes in internal
lead content with exposure. One consequence of this would be, for example, an apparent
threshold for a given effect in terms of hair lead which is significantly above the actual
threshold. Because of these concerns, hair is best used with the simultaneous measurement of
blood lead.

Lead in Urine. Analysis of lead in urine is complicated by the relatively low levels of
the element in this medium as well as the complex mixture of mineral elements present. Urine
lead levels are most useful and also somewhat easier to determine in cases of chelation mobil-
ization or chelation therapy, where levels are high enough to permit good precision and dilu-
tion of matrix interference.

Samples are probably best analyzed by prior chemical wet ashing, using the usual mixture
of acids. Both ASV and AAS have been applied to urine analysis, with the latter more routine-
ly used and usually with a chelation/extraction step.

Lead in Other Tissues. Bone samples require cleaning procedures for removal of muscle
and connective tissue and chemical solubi1ization prior to analysis. Methods of analysis are
comparatively limited and flame!ess AAS is the technique of choice.

In vivo lead measurements in bone of lead workers have been reported using X-ray fluores-
cence analysis and a radioisotopic source for excitation. One problem with this approach with
moderate lead exposure is the detection limit, approximately 20 ppm. Soft organ analysis
poses a problem in terms of heterogeneity in lead distribution within an organ (e.g., brain
and <idney). In such cases, regional sampling or homogenization must be carried out. Both
flame and fTameless AAS appear to be satisfactory for soft tissue analysis and are the most
widely used.

Quality Assurance Procedures in Lead Analyses. In terms of available information, the
major focus in establishing quality control protocols for lead has involved whole blood meas-
urements. Translated into practice, quality control revolves around steps employed within the
laboratory, using a variety of internal checks, and the further reliance on external checks,
such as a formal continuing mi :i-laboratory proficiency testing program.

Within the laboratory, :jality ass ^ance protocols can be divided into start-up and rou-
tine procedures, the former involving establishment of detection limits, within-run and
between-run precision, analytical recovery, and comparison with some reference technique
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within or outside the laboratory. The reference method 1s assumed to be accurate for the par-
ticular level of lead In some matrix at a particular point 1n time. Correlation with such a
method at a satisfactory level, however, nay simply indicate that both methods are equally
Inaccurate but performing with the same level of precision proficiency. More preferable Is
the use of certified samples having lead at a level established by the definitive method.

For blood lead, the Centers for Disease Control (CDC) periodically survey overall accu-
racy and precision of methods used by reporting laboratories. In terms of overall accuracy
and precision, one such survey found that ASV as well as the Delves cup and extraction varia-
tions of AAS performed better than other procedures. These results do not mean that a given
laboratory cannot perform better with a particular technique; rather, such data are of assist-
ance for new facilities choosing among Mthods.

Of particular value to laboratories carrying out blood lead analysis are the external
quality assurance programs at both the State and Federal levels. The most comprehensive
proficiency testing program is that carried out by the CDC. This program actually consists of
two subprograms, one directed at facilities Involved in lead poisoning prevention and screen-
Ing (Center for Environmental Health) and the other concerned with laboratories seeking certi-
fication under the Clinical Laboratories Improvement Act of 1967 as well as under regulations
of the Occupational Safety and Health Administration's (OSHA) Laboratory Improvement Program
Office. Judging from the relative overall Improvements in reporting laboratories over the
years of the programs' existence, the proficiency testing programs have served their purpose
well. In this regard, OSHA criteria for laboratory certification require that eight of nine
samples be analyzed correctly for the previous quarter. This level of required proficiency
reflects the ability of a number of laboratories to actually perform at this level.

•»
9.9.2 Determination of Erythrocyte PorphyHn (Free Erythrocyte Protoporphyrln, Zinc

Protoporphyrln)
With lead exposure, erythrocyte protoporphyrin IX accumulates because of Impaired place-

ment of divalent iron to form heme. Divalent zinc occupies the place of the native iron.
Depending upon the method of analysis, either metal-free erythrocyte porphyrin (EP) or zinc
protoporphyrin (ZPP) 1s measured, the former arising from loss of zinc 1n the chemical mani-
pulation. Virtually all methods now 1n use for EP analysis exploit the ability of the por-
phyrin to undergo intense fluorescence when excited by ultraviolet light. Such fluorometric
methods can be further classified as wet chemical mlcromethods or direct measuring fluorometry
using the hematofluorometer. Because of the high sensitivity of such measurement, relatively
small blood samples are required, with liquid samples or blood collected on filter paper.

The most common laboratory or wet chemical procedures now 1n use represent variations of
several common chemical procedures: (1) treatment of blood samples with a mixture of ethyl
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acetate/acetic acid followed by a repartitioning into an inorganic acid Bediurn, or (2) solu-
bilization of a blood sample directly into a detergent/buffer solution at a high dilution.
Quantification has been done using protoporphyrin, coproporphyrln, or zinc protoporphyrin IX
plus pure zinc ion. The levels of precision for these laboratory techniques vary somewhat
with the specifics of analysis. The Plomelli method has a coefficient of variation of 5
percent, while the direct ZPP method using buffered detergent solution 1s higher and more
variable.

The recent development of the hematofluorometer has made it possible to carry out EP
measurements in high numbers, thereby making population screening feasible. Absolute calibra-
tion is necessary and requires periodic adjustment of the system using known concentrations of
EP in reference blood samples. Since these units are designed for oxygenated blood (i.e.,
capillary blood), use of venous blood requires an oxygenation step, usually a moderate shaking
for several minutes. Measurement of low or moderate levels of EP can be affected by Interfer-
ence with bilirubin. Competently employed, the hematofluorometer is reasonably precise, show-
ing a total coefficient of variation of 4.11-11.5 percent. While the comparative accuracy of
the unit has been reported to be good relative to the reference wet chemical technique, a very
recent study has shown that commercial units carry with them a significant negative bias,
which may lead to false negatives in subjects having only moderate EP elevation. Such a bias
in accuracy has been difficult to detect in existing EP proficiency testing programs. By com-
parison to wet methods, the hematofluorometer should be restricted to field use rather than
becoming a substitute in the laboratory for chemical measurement, and this field use should
involve periodic split-sample comparison testing with the wet method.

9.9.3 Measurement of Urinary Coproporphyrin
Although EP measurement has largely supplanted the use of urinary coproporphyrin (CP-U)

analysis to monitor excessive lead exposure in humans, this measurement 1s still of value in
that it reflects active intoxication. The standard analysis 1s a fluorometric technique,
whereby urine samples are treated with buffer, and an oxidant (iodine) is added to generate CP
from fts precursor. The CP-U 1s then partitioned Into ethyl acetate and re-extracted with
dilute hydrochloric add. The working curve is linear below 5 ug CP/dl urine.

9.9.4 Measurement of Delta-Ami no!evulinic Acid Dehydrase Activity
Inhibition of the activity of the erythrocyte enzyme delta-aminolevul1nic acid dehydrase

(ALA-0) by lead 1s the basis for using such activity in screening for excessive lead exposure.
A number of sampling and sample handling precautions attend such analysis. Since zinc (II)
ion will offset the degree of activity Inhibition by lead, blood collecting tubes must have
extremely low zinc content, which essentially rules out the use of rubber-stoppered blood
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tubes. Enzyme Instability necessitates that the activity measurement be carried out within 24
hr of blood collection. Porphoblllnogen, the product of enzyme action, is light labile and
requires the assay be done in restricted light. Various procedures for ALA-0 measurement are
based on measurement of the level of the chro«ophor1c pyrrole (approximately 555 run) formed by
condensation of the porphoblUnogen with p-d1methyla«1nobenzaldehyde.

In the European Standardized Method for ALA-0 activity determination, blood samples are
hemolyzed with water, ALA solution added, followed by Incubation at 37°C, and the reaction
terminated by a solution of mercury (II) In trlchloroacetlc add. Filtrates are treated with
modified Ehrllch's reagent (p-d1methylam1nobenza1dehyde) 1n tr1chloroacet1c/perchloroacet1c
add mixture. Activity 1s quantified in terms of mlcromoles 6-ALA/min-l erythrocytes.

One variation in the above procedure 1s the Initial use of a thiol agent, such as dlthlo-
threotol, to reactivate the enzyme, giving a measure of the full native activity of the en-
zyme. The ratio of actlvated/unactlvated activity versus blood lead levels accommodates
genetic differences between Individuals.

9.9.5 Measurement of Delta-Ami no! evullnic Add in Urine and Other Media
Levels of delta-aminolevuHnlc add (5-ALA) 1n urine and plasma Increase with elevated

lead exposure. Thus, measurement of this metabolite, generally in urine, provides an Index of
the level of lead exposure. ALA content of urine samples (ALA-U) 1s stable for about 2 weeks
or more with sample acidification and refrigeration. Levels of ALA-U are adjusted for urine
density or expressed per unit creatlnlne. If feasible, 24-hr collection 1s more desirable
than spot sampling.

Virtually all the various procedures for ALA-U measurement employ preliminary Isolation
of ALA from the balance of urine constituents. In one method, further separation of ALA from
the metabolite aminoacetone 1s done. Aminoacetone can Interfere with colorlmetrlc measure-
ment. ALA 1s recovered, condensed with a beta-dlcarbonyl compound, e.g., acetyl acetone, to
yield a pyrrole Intermediate. This Intermediate 1s then reacted with p-d1methylam1nobenza1-»
dehyde in perchloric/acetic add, followed by colorlmetrlc reading at 553 nm. In one vari-
ation of the basic methodology, ALA 1s condensed with ethyl acetoacetate directly and the re-
sulting pyrrole extracted with ethyl acetate. Ehrllch's reagent 1s then added as in other
procedures and the resulting chromophore Is measured spectrophotometHcally.

Measurement of ALA in plasma 1s much more difficult than in urine, since plasma ALA 1s at
nanogram/miinter levels. In one gas-11quid chromatographlc procedure, ALA Is isolated from
plasma, reacted with acetyl acetone and partitioned Into a solvent that also serves for pyro-
lytic methylation of the 1nvolat1le pyrrole 1n the Injector port of the chromatograph, making
the derivative more volatile. For quantification, an Internal standard, 6-amino-5-oxohexano1c
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acid, is used. While the method is more involved, it is more specific than the older colori-
metric technique.

9.9.6 Measurement of Pyrimidine-5'-Nuc1eoti'dase Activity
Erythrocyte pyrimidine-51-nucleotidase (Py5N) activity is inhibited with lead exposure.

Currently, two different methods are used for assaying the activity of this enzyme. The older
method is quite laborious in time and effort, whereas the more recent approach is shorter but
uses radioisotopes and radiometric measurement.

In the older method, heparinized venous blood is filtered through cellulose to separate
erythrocytes from platelets and leukocytes. Cells are then freeze-fractured and the hemo-
lysates dialyzed to remove nucleotides and other phosphates. This dialysate is then incubated
in the presence of a nucleoside monophosphate and cofactors, the enzyme reaction being termi-
nated by treatment with trichloroacetic acid. The inorganic phosphate isolated from added
substrate is measured colorimetrically as the phosphomolybdic acid complex.

In the radiometric assay, hemolysates obtained as before are incubated with pure 14C-CMP.
By addition of a barium hydroxide/zinc sulfate solution, proteins and unreacted nucleotide are
precipitated, leaving labeled cytidine in the supernatant. Aliquots are measured for 14C ac-
tivity in a liquid scintillation counter. This method shows a good correlation with the ear-
lier technique.

9.9.7 Measurement of Plasma 1,25-Dihydroxyvitamin D
Measurement techniques for this vitamin D metabolite, all of recent vintage, consist of

three main parts: (1) isolation from plasma or serum by liquid-liquid extraction, (2) precon-
centration of the extract and chromatographic purification using Sephadex LH-20 or Lipidex
5000 columns, as well as high performance liquid chromatography (HPLC) in some cases, and (3)
quantification by either of two radiometric binding techniques, the more common competitive
prote'n oinding (CPB) assay or radioimmunoassay (RIA). The CPB assay uses a receptor protein
in intestinal cytosol of chicks made vitamin D-deficient.

£n one typical study, human adults had a mean level of 31 picograms/ml. The limit of
detection was 5 picograms/analytical tube, and within-run and between-run coefficients of
variation were 17 and 26 percent, respectively. In a recent interlaboratory survey involving
15 'aboratories, the level of variance was such that it was recommended that each laboratory
should astablish its own reference values.
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10. METABOLISM OF LEAD

10.1 INTRODUCTION
This chapter examines the absorption, distribution, retention, and excretion of lead 1n

humans and animals and the various factors that mediate the extent of the toxlcokinetic pro-
cesses of lead. While Inorganic lead 1s the form of the element that has been most heavily
studied, organolead compounds are also emitted Into the environment and, because they are
quite toxic, they are also Included 1n the discussion. Since the preparation of the 1977 A1r
Quality Criteria Document for Lead (U.S. Environmental Protection Agency, 1977), a number of
reports have appeared that have proven particularly helpful 1n both quantifying the various
processes to be discussed 1n this chapter and assessing the Interactive Impact of factors such
as nutritional status 1n determining Internal exposure risk.

10.2 LEAD ABSORPTION IN HUMANS AND ANIMALS
The amounts of lead entering the bloodstream from various routes of absorption are deter-

mined not only by the levels of the element 1n the particular media, but also by the various
physical and chemical parameters that characterize lead. Furthermore, specific host factors
such as age and nutritional status are Important, as 1s InterIndividual variability. Addi-
tionally, to assess absorption rates, one must know whether or not the subject is in "equili-
brium" with respect to a given level of lead exposure.

10.2.1 Respiratory Absorption of Lead
The movement of lead fro* ambient air to the bloodstream 1s a two-part process: a frac-

tion if air lead Is deposited 1n the respiratory tract and, of this deposited amount, some
fraction is subsequently absorbed directly Into the bloodstream or otherwise cleared from the
respiratory tract. At present, enough data exist to make some quantitative statements about
both of these components of respiratory absorption of lead.

The 1977 A1r Quality Criteria Document for Lead described the model of the International
Radiological Protection Commission (IRPC) for the deposition and removal of lead from the
lungs and the upper respiratory tract (International Radiological Protection Commission,.
1966). Briefly, the model predicts that 35 percent of lead inhaled from ambient air by humans
is deposited in the respiratory tract, with most of the lead going to the parenchyma and air-
ways. The IRPC model predicts a total deposition of 40-50 percent for particles with a mass
median aerodynamic diameter (MMAD) of 0.5 urn and indicates that the absorption rate would vary
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depending on the solubility of the particular form. More recent data on lead deposition
modeling, however, provide a more precise picture (see next section).
10.2.1.1 Human Studies. Table 10-1 tabulates the various studies of human subjects that pro-
vide data on the deposition of Inorganic lead in the respiratory tract. Studies of this type
have used diverse methodologies to characterize the inhaled particles in terms of both size
(and size ranges) and fractional distribution. The use of radioactive or stable lead isotopes
to directly or Indirectly measure lead deposition and uptake Into the bloodstream has been
particularly helpful in quantifying these processes.

From the studies of Kehoe (1961a,b,c) and their update by Gross (1981), as well as data
from Chamberlain et al. (1978), Morrow et al. (1980), and Nozaki (1966), the respiratory depo-
sition of airborne lead as encountered In the general population appears to be approximately
30-50 percent, depending on particle size and ventilation rates. Ventilation rate 1s parti-
cularly important with submicrometer particles, where Brownian diffusion governs deposition,,
because a slower breathing rate enhances the frequency of collisions of particles with the
alveolar wall.

Figure 10-1 (Chamberlain et al., 1978) compares data, both calculated and experimentally
measured, on the relationship of percentage deposition to particle size. As particle size
increases, deposition rate decreases to a minimum over the range where Brownian diffusion pre-
dominates. Subsequently, deposition Increases with size (>0.5 urn MMAD) as Impaction and sedi-
mentation become the main deposition factors.

In contrast to the ambient air or chanter data tabulated in Table 10-1, higher deposition
rates in some occupational settings are associated with relatively large particles. However,
much of this deposition is in the upper respiratory tract, with eventual movement to the gas-
trointestinal tract by ciliary action and swallowing. Mehafti (1966) measured total deposition
rates of 28-70 percent in battery workers and workers in marine scrap yards. Chamberlain and
Heard (1981) calculated an absorption rate of approximately 47 percent for particle sizes en-
countered in workplace air.

Systemic absorption of lead fro« the lower respiratory tract occurs directly, while much
of the absorption fro* the upper tract Involves swallowing and some uptake in the gut. From
the radioactive isotope data of Chamberlain et al. (1978) and Morrow et al. (1980), and the
stable isotope studies of Rabinowitz et al. (1977), one can conclude that lead deposited in
the lower respiratory tract 1s totally absorbed.

Chamberlain et al. (1978) used 203Pb 1n engine exhaust, lead oxide, or lead nitrate
aerosols in experiments where human subjects inhaled the lead from a chamber through a mouth-
piece or in wind-tunnel aerosols. By 14 days, approximately 90 percent of the label was re-
moved from the lung. Lead movement into the bloodstream could not be described by a simple
exponential function; 20 percent was absorbed within 1 hr and 70 percent within 10 hr.
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TABLE 10-1. DEPOSITION OF LEAD IN THE HUMAN RESPIRATORY TRACT

Form Particle size Lead Exposure Percent deposition Reference

o
I

Pb203 aerosols
fro* engine
exhaust

Lead "fumes"
made In Induc-
tion furnace

203Pb203
aerosol

Ambient air
lead near
•otorway and
other urban
areas In U.K.

203Pb(OH)2 or203PbCl2
aerosols

Lead In work-
place air;
battery
factory and
shlpbreaMng
operations

0.05 ua Mdlan
count diameter
In 38 studies;
5 subjects ex-
posed to average
of 0.9 um

0.05-1.0 \m Mean
diameter

Mean densities
of 0.02, 0.04,
0.09 \m

Mainly 0.1 um

Both forns at
0.25 um MMAD

Not determined;
defined as fumes,
fine ilust, or
coarse dust

Chamber studies; 10, 20,
or 150 ug/m3; 3 hr on
alternate days;
12 subjects

Mouthpiece/aerosol
chamber; 10 mg/m3;
adult subjects

Mouthp1ece/ae roso1
chamber; adult
subjects

2-10 ug/m3; adult
subjects

0.2 MCI/1 Her for 5 mln
or £50 liters air;
adult subjects

3 adult groups:
23 ug/m3 - controls
86 ug/m3 - battery
workers
180 MO/"3 ~ scrap yard
workers

30-70% (mean: 48%)
for mainly
0.05-um particles

42% 0.05 urn;
63% 1.0 um

80% 0.02 urn;
45% 0.04 MB;
30% 0.09 urn

60% fresh exhaust;
50% other urban

area

23% chloride;
26% hydroxide

47% battery workers;
39% shipyard and

controls

Kehoe (1961a,b,c);
Gross (1981)

Nozakl (1966)

Chamberlain et al.
(1978)

Chamberlain et al.
(1978)

Morrow et al. (1980)

Mehanl (1966)
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Figure 10-1. Effect of particle size on lead deposition rate in the lung. Broken lines
derived by calculation from reported data. Tidal volume equals 1000 cm* except for
line 4b. where it equals 500 cm*. Breathing cycle equals 4 sec.

Source: Chamberlain et al. (1978).



Rabinowltz et al. (1977) administered 204Pb tracer to adult volunteers and determined (by
Isotope tracer and balance data) that 14 ug lead was absorbed by these subjects dally at am-
bient air lead levels of 1-2 ug/m3. Assuming a daily ventilation rate of 20 m3, a deposition
rate of 50 percent of ambient air (Chamberlain et al., 1978), and a mean air lead level of 1.5
ug/m3 (2.0 ug/m3 outside the study unit, 1.0 ug/tn3 Inside, as determined by the authors), then
15 M9 lead was available for absorption. Hence, better than 90 percent of deposited lead was
absorbed dally.

Morrow et al. (1980) followed the systemic uptake of 203Pb In 17 adult subjects using
either lead chloride or lead hydroxide aerosols with an average size of 0.25 (±0.1) urn MMAD.
Half of the deposited fraction of either aerosol was absorbed in 14 hr or less. The radio-
label data described above are consistent with the data of Hursh and Mercer (1970), who
studied the systemic uptake of 212Pb on a carrier aerosol.

Given the apparent invariance of absorption rate for deposited lead in the above studies
as a function of the chemical form of the element (Chamberlain et al., 1978; Morrow et al.,
1980), inhaled lead lodging deep in the respiratory tract seems to be absorbed equally, re-
gardless of form. Supporting evidence for total human systemic uptake of lead comes from
autopsy tissue analysis for lead content. Barry (1975) found that lead was not accumulated 1n
the lungs of lead workers. This observation 1s corroborated by the data of Gross et al.
(1975) for nonoccupatlonally exposed subjects.

Dependence of the respiratory absorption rate for lead in humans on the level of lead in
air has not been extensively studied, although the data of Chamberlain and coworkers (1978),
using human volunteers, show that the lung clearance rate in the adult for single lead pulses
did not vary over a lung burden range of 0.3 to 450 ug. In occupational settings, a curvi-
linear relationship between workplace airborne lead and blood lead results at least partly
from particle size changes, I.e., with Increasing dust concentration, particle aggregation
rate increases and the effective fraction of submlcron particles (those penetrating to the
lung) compared to total particles steadily lessens (Chamberlain, 1983).

All of the available data for lead deposition and uptake from the respiratory tract in
humans have been obtained with adults, and quantitative comparisons with the same exposures in
children are not possible. Although children 2 years of age weigh one-sixth as much as an
adult, they inhale 40 percent as much air lead as adults (Barltrop, 1972). James (1978) has
taken into account differences 1n airway dimensions in adults versus children, and has esti-
mated that, after controlling for weight, the 10-year-old child has a deposition rate 1.6- to
2.7-fold higher than the adult.

Recent studies support the above estimates of James (1978). Hofmann and coworkers
(Hofmann, 1982; Hofmann et al., 1979) reported dose calculations for the respiratory tract as
a function of age using airway length estimates from the literature and determined that intake
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of radioactive nuclldes Into both the tracheobronchial and pulmonary regions was highly age-
dependent, with maximal Intake occurring at about age six.
10.2.1.2 Animal Studies. Experimental animal data for quantitative assessment of lead depo-
sition and absorption for the lung and upper respiratory tract are United. The available In-
formation does, however, support the finding that respired lead 1s extensively and rapidly
absorbed.

Morgan and Holmes (1978) exposed adult rats, by nose-only technique, to a 203Pb-labe1ed
engine exhaust aerosol generated 1n the same manner as by Chamberlain et al. (1978) over a
period of 8 days. Exposure was at a level of 21.9 to 23.6 nC1 label/liter chamber air. Ad-
justing for deposition on the animal pelt, 20-25 percent of the label was deposited in the
lungs. Deposited lead was taken up extensively in blood (50 percent within 1 hr and 98 per-
cent within 7 days). The absorption-rate kinetic profile was similar to that reported for
humans (Chamberlain et al., 1978).

Boudene et al. (1977) exposed rats to 210Pb-labeled aerosols at a level of 1 ug label/•*
and 10 ug label/m3, the majority of the particles being 0.1-0.5 urn in size. At 1 hr, 30 per-
cent of the label had left the lung; by 48 hr, 90 percent was gone.

Bianco et al. (1974) used 212Pb aerosol (SO.2 u«0 inhaled briefly by dogs and found a
clearance half-time from the lung of approximately 14 hr. Greenhalgh et al. (1979) found that
direct instillation of 203Pb-labeled lead nitrate solution into the lungs of rats led to an
uptake of approximately 42 percent within 30 min, compared with an uptake rate of 15 percent
within 15 min in the rabbit. These Instillation data are consistent with the report of Pott
and Brockhaus (1971), who noted that intratracheal Instillation of lead in solution (as bro-
mide) or in suspension (as oxide) serially over 8 days resulted in systemic lead levels in
tissues indistinguishable fro* injected lead levels. Rentfall et al. (1975) found that the
movement of lead into blood of baboons Inhaling a lead oxide (Pb304) was more rapid and resul-
ted in higher blood lead levels when coarse (1.6 urn mean diameter) rather than fine (0.8 ua
mean diameter) particles were used.

10.2.2 Gastrointestinal Absorption of Lead
Gastrointestinal (GI) absorption of lead mainly involves uptake from food and beverages,

as well as lead deposited 1n the upper respiratory tract that is eventually swallowed. It
also includes ingestion of nonfood material, primarily in children via normal mouthing activ-
ity and pica. Two issues of concern with lead uptake from the gut are the comparative rates
of such absorption in developing versus adult organisms, including humans, and how the bio-
availability of lead affects such uptake.
10.2.2.1 Human Studies. Based on long-term metabolic studies with adult volunteers, Kehoe
(1961a,b,c) estimated that approximately 10 percent of dietary lead is absorbed from the human
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gut. According to Gross (1981), various balance parameters can vary considerably among sub-
jects. These studies (Kehoe, 1961a,b,c) did not take Into account the contribution of biliary
clearance of lead Into the gut, which would have affected measurements for both absorption and
total excretion. Chamberlain et al. (1978) determined that the level of endogenous fecal lead
1s approximately 50 percent of urinary lead values. They have estimated that 15 percent of
dietary lead is absorbed, if the amount of endogenous fecal lead 1s taken Into account.

Following the Kehoe studies, a number of reports determined GI absorption using both sta-
ble and radioisotopic labeling of dietary lead. Generally, these reports support the observa-
tion that in the adult human the absorption of lead 1s limited when taken with food. Harrison
et al. (1969) determined a mean absorption rate of 14 percent for three adult subjects Ingest-
ing 203Pb in diet, a figure 1n accord with the results of Hursh and Suomela (1968).
Chamberlain et al. (1978) studied the absorption of 203Pb in two forms (as the chloride and as
the sulfide) taken with food. The corresponding absorption rates were 6 percent (sulfide) and
7 percent (chloride), taking Into account endogenous fecal excretion. Using adult subjects who
ingested the stable Isotope 204Pb in their diet, Rab1now1tz et al. (1974) reported an average
gut absorption of 7.7 percent. In a later study, Rabinowitz et al. (1980) measured an ab-
sorption rate of 10.3 percent.

A number of recent studies Indicate that lead Ingested under fasting conditions 1s absor-
bed to a much greater extent than lead taken with or Incorporated Into food. For example,
Blake (1976) measured a mean absorption rate of 21 percent when 11 adult subjects ingested
203Pb-labeled lead chloride several hours after breakfast. Chamberlain et al. (1978) found
that lead uptake in six subjects fed 203Pb as the chloride was 45 percent after a fasting
period, compared to 6 percent with food. Heard and Chamberlain (1982) obtained a rate of 63.3
percent using a similar procedure with eight subjects. Rabinowitz et al. (1980) reported an
absorption rate of 35 percent 1n five subjects when 204Pb was Ingested after 16 hr of fasting.
These isotope studies support the observations of Barltrop (1975) and Garber and Wei (1974)
that lead in between-meal beverages is absorbed to a greater extent than is lead in food.

Dependence of the lead absorption rate from the human GI tract on the concentration of
lead in diet or water has not been well studied. Recent data from the reports of Blake
(1980), Flanagan et al. (1982), and Heard and Chamberlain (1983), however, Indicate little
concentration dependency across the range of dietary lead content encountered by the general
population. For example, Flanagan et al. (1982) found that human volunteers absorbed 4, 40,
and 400 ug of Ingested lead at about the same rate.

The relationship of lead bioavallability in the human gut to the chemical/biochemical
form of lead can be determined from available data, although interpretation is complicated by
the relatively small amounts administered and the presence of various components of food
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already present 1n the gut. Harrfson et al. (1969) found no difference 1n lead absorption
from the human gut when lead Isotope was given either as the chloride or Incorporated Into al-
glnate. Chamberlain et al. (1978) found that labeled lead as the chloride or sulflde was ab-
sorbed to the same extent when Ingested with food, but the sulflde form was absorbed at a rate
of 12 percent compared with 45 percent for the chloride under fasting conditions. Rab1now1tz
et al. (1980) obtained similar absorption rates for the chloride, sulflde, or cystelne complex
forms when administered with food or under fasting conditions. Heard and Chamberlain (1982)
found no difference 1n absorption rate when 1 sotopic lead (203Pb) was Ingested with unlabeled
meat (sheep's liver and kidney) or when the label was Incorporated Into the food prior to
slaughter.

The data of Moore et al. (1979) are of Interest with respect to relative GI uptake of
lead 1n adult males and females. Human volunteers (seven males, four females) were given
203Pb 1n water and whole-body counting was carried out at time points. It appeared that
females absorbed somewhat more of the label than males, but the difference did not reach sta-
tistical significance.

Two reports have focused on the question of differences 1n GI absorption rates between
adults and children. Alexander et al. (1973) carried out 11 balance studies with eight chil-
dren, aged 3 months to 8 years. Dally Intake averaged 10.6 ug Pb/kg body weight (range 5-17).
The mean absorption rate determined from metabolic balance studies was 53 percent. A two-part
investigation by Ziegler et al. (1978) comprised a total of 89 metabolic balance studies with
12 normal Infants aged 2 weeks to 2 years. In the first part, 51 balance studies using 9
children furnished a mean absorption rate of 42.7 percent. In the second, six children were
Involved in 38 balance studies Involving dietary lead Intake at 3 levels. Diets were closely
controlled and lead content was measured. For all dally Intakes of 5 pg Pb/kg or higher, the
mean absorption rate was 42 percent. At low levels of lead Intake the data were variable,
with some children apparently in negative balance, probably because of the difficulty in con-
trolling low lead Intake.

In contrast to these reports, Barltrop and SUehlow (1978) found that the results for
children hospitalized as orthopedic or "social" admissions were highly variable. A total of
104 balance studies were carried out in 29 children ranging in age from 3 weeks to 14 years.
Fifteen of the subjects were in net negative balance, with an average dietary absorption of
-40 percent or, when weighted by number of balance studies, -16 percent. Closely comparing
these data with those of Ziegler et al. (1978) 1s difficult. Subjects were 1npat1ents, repre-
sented a much greater age range, and were not classified 1n terms of mineral nutrition or
weight-change status. As an urban pedlatrlc group, the children in this study may have had
higher prior lead exposure so that the "washout" phenomenon (Kehoe, 1961a,b,c; Gross, 1981)
may have contributed to the highly variable results. The calculated mean dally lead Intake 1n
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the Barltrop and Strehlow group (6.5 ug/kg) was lower than that for all but one study group
described by Zlegler et al. (1978). In the latter study, data for absorption became more
variable as the dally lead Intake was lowered. Finally, in those children classified as or-
thopedic admissions, whether skeletal trauma was without effect on lead equilibrium between
bone and other body compartnents 1s unclear.

As typified by the results of the second National Health Assessment and Nutritional Eval-
uation Survey (NHANES II) (Mahaffey et al., 1979), children at 2-3 years of age show a s«all
peak 1n blood lead. The question arises whether this peak Indicates an Intrinsic biological
factor, such as increased absorption or retention when compared with older children, or whe-
ther this age group 1s exposed to lead in some special way. Several studies are relevant to
the question. Zielhuls et al. (1978) reported data for blood lead levels in 48 hospitalized
Dutch children, who ranged 1n age from 2 months to 6 years. Children up to 3 years old had a
mean blood lead level of 11.9 ug/dl versus a level of 15.5 1n children aged 4-6 years. A sig-
nificant positive relationship between child age and blood lead was calculated (r = 0.44,
p <0.05). In the Danish survey by Nygaard et al. (1977), a subset of 126 children represent-
ing various geographical areas and age groups yielded the following blood lead values by mean
age group: children (N = 8) with a mean age of 1.8 years had a Bean blood lead level of 4.3
ug/dl; those with a mean age of 3.7-3.9 years had values ranging from 5.6 to 8.3 ug/dl; and
children 4.6-4.8 years of age had a range of 9.2 to 10 ug/dl. These authors note that the
youngest group was kept at a nursery, whereas the older kindergarten children had more Inter-
action with the outside environment. Sartor and Rondla (1981) surveyed two population groups
in Belgium, one of which consisted of groups of children aged 1-4, 5-8, and 9-14 years.
Children under the age of 1 year had a mean blood lead level of 10.7 ug/dl. The 1- to 4-year
and 5- to 8-year age groups were comparable, 13.9 and 13.7 ug/dl, respectively, while those
9-14 years old had a blood lead level of 17.2 ug/dl. All of the children in this study were
hospital patients. While these European studies suggest that any significant restriction of
children in terms of environmental Interaction, e.g., 1n hospitals or nurseries, 1s associated
with an apparently different age-blood lead relationship than the U.S. NHANES II subjects,
whether European children 1n the 2- to 3-year age group show a similar peak remains to be
demonstrated. The Issue merits further study.

The normal mouthing activity of young children, as well as the actual ingestlon of non-
food items (I.e., pica), 1s a major concern 1n pedlatrlc lead exposure, particularly 1n urban
areas with deteriorating housing stock and high automobile density and in nonurban areas con-
tiguous to lead-production facilities. The magnitude of such potential exposures is discussed
in Chapter 7, and an integrated assessment of Impact on human Intake appears in Chapter 13.
Such intake is Intensified for children with pica and would include paint, dust, and dirt.

10-9



Drill et al. (1979), using data fro« Day et al. (1975) and Lepow et al. (1974), have at-
tempted to quantify the dally Intake of soil/dust 1n young children from such mouthing activi-
ties as thumb sucking and finger licking. A total of 100 ing/day was obtained for children 2-3
years old, but the amount of lead In this Ingested quantity varied considerably from site to
site. In the report, a GI absorption rate of 30 percent was estimated for lead 1n soil and
dust. Of relevance to this estimate are the animal data discussed in the next section, which
show that lead of variable chemical fonts 1n soil or dust 1s as available for absorption as
lead 1n food. The in vitro studies relating lead solubility In street dusts with acidity
clearly demonstrate that the acidity of the human stomach 1s adequate to extensively solubl-
Hze lead assimilated from soil and dust. To the extent that 1ngest1on of such material by
children occurs other than at mealtime, the fasting factor 1n enhancing lead absorption from
the human GI tract (vide supra) must also be considered. Hence, a factor of 30 percent for
lead absorption from dusts and soils 1s not an unreasonable value.

A National Academy of Sciences (HAS) report on lead poisoning 1n children has estimated
that paint chip 1ngest1on by children with pica occurs with considerable frequency (National
Academy of Sciences, 1976). In the case of paint chips, Drill et al. (1979) estimated an ab-
sorption rate as high as 17 percent. This value may be compared with the animal data 1n Sec-
tion 10.2.2.2, which Indicate that lead 1n old paint films can undergo significant absorption
In animals.
10.2.2.2 Animal Studies. Lead absorption via the gut of various adult experimental animal
species appears to resemble that for the adult human, on the order of 1-15 percent 1n most
cases. Kostial and her coworkers (Kostlal and Kello, 1979; Kostlal et al., 1978, 1971) re-
ported a value of 1 percent or less In adult rats maintained on commercial rat chow. These
studies were carried out using rad1o1sotop1c tracers. Similarly, Barltrop and Meek (1975)
reported an absorption rate of 4 percent In control diets, while Aungst et al. (1981) found
the value to range from 0.9 to 6.9 percent, depending on the level of lead given in the diet.
In these rat studies, lead was Ingested with food. Quarterman and Morrison (1978) admini-
stered 203Pb label 1n small amounts of food to adult rats and found an uptake rate of appro-
ximately 2 percent at 4 months of age. Pounds et al. (1978) obtained a value of 26.4 percent
with four adult Rhesus monkeys given 210Pb by gastric Intubation. The higher rate, relative
to the rat, may reflect various states of fasting at time of Intubation or differences 1n
dietary composition (vide Infra), two factors that affect rates of absorption.

As seen above with human subjects, fasting appears to enhance the rate of lead uptake in
experimental animals. Garber and We1 (1974) found that fasting markedly enhanced gut uptake
of lead 1n rats. Forbes and Relna (1972) found that lead dosing by gastric Intubation of rats
yielded an absorption rate of 16 percent, which 1s higher than other data for the rat indi-
cate. Intubation was likely done when little food was in the gut. The data of Pounds et al.
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(1978), as described above, may also suggest a problem with administering lead by gastric In-
tubation or nixed with water as opposed to food.

The bioavallability of lead In the GI tract of experimental animals has been the subject
of a number of reports. The designs of these studies differ 1n regard to how "b1oava1lab1-
lity" Is defined. In some cases, the dietary matrix was kept constant, or nearly so, while
the chemical or physical form of the lead was varied. By contrast, other data described the
effect of changes in bioavallability as the basic diet matrix was changed. The latter case 1s
complicated by the simultaneous operation of lead-nutrient Interactive relationships (de-
scribed 1n Section 10.5.2).

All croft (1950) observed comparable effects when calves were fed lead 1n the form of the
phosphate, oxide, or basic carbonate (PbC03'Pb(OH)2), or Incorporated Into wet or dry paint.
By contrast, lead sulflde in the form of finely ground galena ore was less toxic. Criteria
for relative toxldty included kidney and blood lead levels and survival rate over time.

In the rat, Barltrop and Meek (1975) carried out a comparative absorption study using
lead in the form of the acetate as the reference substance. The carbonate and thai late were
absorbed to the greatest extent, while absorption of the sulflde, chromate, napthenate, and
octoate was 44-67 percent of the reference agent. Barltrop and Meek (1979) also studied the
relationship of the size of lead particles (as the metal or as lead octoate or chromate 1n
powdered paint films) to the amount of gut absorption 1n the rat; they found an Inverse rela-
tionship between uptake and particle size for both forms.

Gage and Litchfield (1968, 1969) found that lead napthenate and chromate can undergo con-
siderable absorption from the rat gut when Incorporated Into dried paint films, although less
than when given with other vehicles. Ku et al. (1978) found that lead in the form of the ace-
tate or as a phosphollpid complex was equally absorbed from the GI tract of both adult and
young rats at a level of 300 ppm. Uptake was assessed by weight change, tissue levels of
lead, and urinary am1nolevul1n1c add (ALA) levels.

In a study relevant to the problem of lead bioavallability in soils and dusts, particu-
larly in exposed children, Dacre and Ter Haar (1977) compared the effects of lead as acetate
with lead contained In roadside soil and in house paint soil, at a level of approximately 50
ppm, in commercial rat chow. Uptake of lead was Indexed by weight change, tissue lead con-
tent, and inhibition of am1nolevul1n1c add dehydrase (ALA-0) activity. None of these para-
meters differed significantly across the three groups, suggesting that neither the geochemical
matrix in the soils nor the various chemical forms (basic carbonate 1n paint soil, and the
oxide, carbonate, and basic carbonate in roadside soil) affect lead uptake.

These data are consistent with the behavior of lead 1n dusts upon acid extraction as re-
ported by Day et al. (1979), HarHson (1979), and Duggan and WHIIaas (1977). In the Day et
at. study, street dust samples from England and New Zealand were extracted with hydrochloric
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acid (HC1) over the pH range of 0-5. At an acidity that may be equalled by gastric secre-
tions, i.e., pH of 1, approximately 90 percent of the dust lead was solubllized. Harrlson
(1979) noted that at this same acidity, up to 77 percent of Lancaster, England, street-dust
lead was soluble, while an average 60 percent solubility was seen in London dust samples
(Duggan and Williams, 1977). Because gastric solubilization must occur for lead in these
media to be absorbed, the above data are useful in determining relative risk.

Kostial and Kello (1979) compared the absorption of 203Pb from the gut of rats maintained
on commercial rat chow versus rats fed such "human" diets as baby foods, porcine liver, bread,
and cow's milk. Absorption in the latter cases varied from 3 to 20 percent, compared with
<1.0 percent with rat chow. This range of uptake for the nonchow diet compares closely with
that reported for human subjects (vide supra). Similarly, Jugo et al. (1975a) observed that
rats maintained on fruit diets had an absorption rate of 18-20 percent. The generally ob-
served lower absorption of lead 1n the adult rat compared to the adult human appears, then,
less reflective of a species difference than of a dietary difference.

A number of studies have documented that the developing animal absorbs a relatively
greater fraction of ingested lead than does the adult, thus supporting studies showing this
age dependency 1n humans. For example, the adult rat absorbs approximately 1 percent lead or
less via diet versus a corresponding value 40-50 times greater in the rat pup (Kostial et al.,
1971, 1978; Forbes and Reina, 1972). In the rat, this difference persists through weaning
(Forbes and Reina, 1972), at which point uptake resembles that of adults. Part of this dif-
ference can be ascribed to the nature of the diet (mother's milk versus regular diet), al-
though the extent of absorption enhancement with milk versus rat chow in the adult rat found
by Kello and Kostial (1973) fell short of what is seen in the neonate. An undeveloped, less
selective Intestinal barrier may also exist 1n the rat neonate. In nonhuman primates, Munro
et al. (1975) observed that infant monkeys absorbed 65-85 percent via the gut versus 4 percent
1n adults. Similarly, Pounds et al. (1978) noted that juvenile rhesus monkeys absorbed appro-
ximately 50 percent more lead than adults.

The question of the relationship of level of lead intake through the GI tract and rate of
lead absorption was addressed by Aungst et al. (1981), who exposed adult and suckling rats to
doses of lead by Intubation over the range 1-100 mg/kg or by variable concentrations in drink-
ing water. With both age groups and both forms of oral exposure, lead absorption as a percent-
age of dose decreased, suggesting a saturation phenomenon for lead transport across the gut
wall.

Similar data were obtained by Bushnell and DeLuca (1983) for weanling rats given 203Pb by
intubation along with carrier doses of 1, 10, 100, or 1000 ppm in diet. The GI absorption
rate was observed to decrease significantly between 10 and 100 ppm carrier lead. Using iso-
lated duodenal loop preparations, Conrad and Barton (1978) reported that lead uptake across
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the gut wall was constant from 0.001 to 10 ppm lead, but fell off to 40 percent of the 10-ppm
level at the 100-ppm dosing.

The above concentration dependency 1s consistent with a saturable, active transport pro-
cess for lead 1n the mammalian gut, based on the kinetic data of Aungst and Rung (1981).
Mykka"nen and Wasseman (1981) also noted that lead uptake by chick Intestine occurs in two
kinetic phases; a rapid uptake 1s followed by a rate-Uniting slow transfer of lead. These
kinetic observations agree with an Increasingly retarded active transport process as lead con-
tent Increases in the gut; I.e., lead affects Its own transport, manifested as an increasingly
lower absorption rate at higher lead Intake.

Of interest here is the comparison of the kinetic behavior of blood lead as a function of
oral versus parenteral dosing. With single intravenous Injections of 0.5, 1, 5, 10, and 15 mg
Pb/kg lead 1n the rat, Aungst et al. (1981) did not observe any dose dependency of the kinetic
rate coefficients governing lead in blood. Integrated exposure, i.e., area under the blood
lead curves, increased linearly with dose. On the other hand, Injection of lead into rabbits
at levels of 5, 10, 25, 50, and 500 ug/kg, by single dally Injections for 6 days, resulted in
clear curvilinearity to the dose-blood lead curve (Prp1d-Maj1d et al., 1973). The differences
in these two reports probably reflect dosing regimen differences: Aungst et al. (1981) used a
higher dosing level as single exposures.

The Implication of these experimental findings for human oral lead exposure is not clear.
As noted earlier, lead intake orally by human subjects up to 400 ug is associated with a
rather fixed absorption rate. Direct extrapolation of the animal data described above Indi-
cates that humans would have to Ingest 20 to 200 mg lead per day (assuming a 2-kg diet/day at
lead contents of 10 or 100 ppm) to have a lowered absorption rate. This value is up to 4500-
fold above the upper oral intake guideline for lead (National Academy of Sciences, 1980).

10.2.3 Percutaneous Absorption of Lead
Absorption of Inorganic lead compounds through the skin appears to be considerably less

significant than uptake through the respiratory and GI routes. This observation contrasts
with observations for lead alkyIs and other organic derivatives (see Section 10.7). Rastogi
and Clausen (1976) found that cutaneous or subcutaneous administration of lead napthenate in
rat skin was associated with higher lead tissue levels and more severe toxic effects than was
the case for lead acetate. Laug and Kunze (1948) applied lead as the acetate, orthoarsenate,
oleate, and ethyl lead to rat skin and determined that the greatest levels of kidney lead were
associated with the alkyl contact.

Moore et al. (1980) studied the percutaneous absorption of 203Pb-labeled lead acetate in
cosmetic preparations using eight adult volunteers. Applied in wet or dry forms, absorption
was indexed by blood, urine, and whole body counting. Absorption rates ranged from 0 to 0.3
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percent, with the highest values obtained when the application sites were scratched. These
researchers estimated that the normal use of such preparations would result 1n an absorption
of approximately 0.06 percent.

10.2.4 Transplacental Transfer of Lead
Lead uptake by the human and anlMl fetus occurs readily, based on such Indices as fetal

tissue lead measurements and, 1n the human, cord blood lead levels. Barltrop (1969) and
Hor1uch1 et al. (1959) demonstrated by fetal tissue analysis that placental transfer 1n the
human occurs by the 12th week of gestation, with fetal lead uptake Increasing throughout
development. The highest lead levels occur 1n bone, kidney, and liver, followed by blood,
brain, and heart. Cord blood contains significant amounts of lead, which generally correlate
with maternal blood values and are slightly but significantly lower In concentration than the
mother's (Scanlon, 1971; Harris and Holley, 1972; Gershanlk et al., 1974; Buchet et al., 1978;
Alexander and Delves, 1981; Rab1now1tz and Needleman, 1982).

A cross-sectional study of maternal blood lead levels carried out by Alexander and Delves
(1981) showed that a significant decrease In maternal blood lead occurs throughout pregnancy,
a decrease greater than the dilution effect of the concurrent Increase 1n plasma volume.
Hence, during pregnancy there 1s either an increasing deposition of lead 1n placental or fetal
tissue or an Increased loss of body lead via other routes. Increasing absorption by the fetus
during gestation, as demonstrated by Barltrop (1969), Implies that the former explanation 1s
likely. Hunter (1978) found that summer-born children showed a trend toward higher blood lead
levels than those born 1n the spring, suggesting Increased fetal uptake 1n the summer result-
Ing from Increases 1n circulating maternal lead. This observation was confirmed 1n the report
of Rab1now1tz and Needleman (1982). Ryu et al. (1978) and*S1ngh et al. (1978) both reported
that Infants born to women having a history of lead exposure had significantly elevated blood
lead values at birth.

10.3 DISTRIBUTION OF LEAD IN HUMANS AND ANIMALS
A quantitative understanding of the sequence of changes 1n lead levels In various body

pools and tissues 1s essential in interpreting measured lead levels with respect to past expo-
sure as well as present and future risks of toxicity. This section discusses the distribution
kinetics of lead 1n various portions of the body (blood, soft tissues, calcified tissues, and
the "chelatable" or toxicologlcally active body burden) as a function of such parameters as
exposure history and age.
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A given quantity of lead taken up from the GI tract or the respiratory tract into the
bloodstream 1s Initially distributed according to the rate of delivery by blood to the various
organs and systems. Lead 1s then redistributed to organs and systems 1n proportion to their
respective affinities for the element. With consistent exposure for an extended period, a
near steady state of intercompartmental distribution 1s achieved.

Fluctuations 1n the near steady state will occur whenever short-term lead exposures are
superimposed on a long-term uptake pattern. Furthermore, the steady-state description 1s In-
perfect because, on a very short (hourly) time scale, Intake Is not constant. Lead intake
with meals and changes in ambient air lead (outside to Inside and vice versa) cause quick
changes in exposure levels that may be viewed as short-term alterations 1n the small, labile
lead pool. Metabolic stress could remoblUze and redistribute body stores, although documen-
tation of the extent to which this happens 1s very limited (Chlsolm and Harrison, 1956).

10.3.1 Lead 1n Blood
Viewed from different time scales, lead in whole blood may be seen as residing 1n several

distinct, Interconnected pools. More than 99 percent of blood lead 1s associated with the
erythrocytes (DeSllva, 1981; Everson and Patterson, 1980; Manton and Cook, 1979) under typical
conditions, but it 1s the very small fraction of lead transported in plasma and extracellular
fluid that provides lead to the various body organs (Baloh, 1974).

Although the toxicity of lead to the erythrocyte (Raghavan et al., 1981) 1s mainly asso-
ciated with membrane lead content, most of the erythrocyte lead 1s bound within the cell.
Within erythrocytes from nonexposed subjects, lead 1s primarily bound to hemoglobin, in par-
ticular HbA2, which binds approximately 50 percent of cell lead while constituting only 1-2
percent of total hemoglobin (Bruenger et al., 1973). A further 5 percent is bound to a
10,000-dalton molecular-weight fraction, about 20 percent to a much heavier molecule, and
about 25 percent is considered "free" or bound to lower-weight molecules (Ong and Lee, 1980a;
Raghavan and Gonick, 1977). Raghavan et al. (1980) have observed that, among workers exposed
to lead, those who develop signs of toxiclty at relatively low blood lead levels seem to have
a diminished binding of Intracellular lead with the 10,000-dalton fraction. This reduction in
binding suggests an impaired biosynthesis of a protective species. According to Ong and Lee
(1980b), fetal hemoglobin has a higher affinity for lead than adult hemoglobin.

Whole blood lead in dally equilibrium with other compartments was found to have a mean
life of 35 days (25-day half-life) and a total lead content of 1.9 mg, based on studies with a
small number of subjects (Rab1now1tz et al., 1976). Chamberlain et al. (1978) established a
similar half-life for 203Pb 1n blood when volunteers were given the label by ingestion, inha-
lation, or injection. The lead Inhalation studies in adults described by Griffin et al.
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(1975) permit calculation of half-lives of 28 and 26 days for Inhalation of 10.4 and 3.1 ug
Pb/m3, respectively. These estimates of biological half-life, based as they are on 1sotop1c
study, do not reflect the Impact of mobile body burden on half-life. The higher the moblllza-
ble lead burden, the greater will be the length of the half-life, as clearly seen in the
report of O'Flaherty et al. (1982), where half-life 1n lead workers was a function of cumula-
tive occupational exposure.

Alterations in blood lead levels In response to abrupt changes in exposure apparently oc-
cur over somewhat different periods, depending on whether the direction of change 1s greater
or smaller. With Increased lead Intake, blood lead level achieves a new value in approxi-
mately 60 days (Griffin et al., 1975; Tola et al., 1973). A decrease nay Involve a longer
period of time, depending on the magnitude of the past higher exposure (O'Flaherty et al.,
1982; Rabinowltz et al. 1977; Gross, 1981).

In adulthood, the human's blood lead level appears to Increase moderately. Awad et al.
(1981) reported an increase of 1 ug for each 14 years of age. However, in the NHANES II sur-
vey (see Chapter 11), white adults showed increasing blood lead until 35-44 years of age, fol-
lowed by a decrease. By contrast, blacks showed Increasing blood lead after 44. In the case
of reduced exposure, particularly occupational exposure, the time for re-establishing near
steady state depended more upon the extent of lead resorption from bone and the total quanti-
ty deposited, either of which can extend the "washout" interval.

Lead levels in newborn children are similar to but somewhat lower than those of their
mothers: 8.3 versus 10.4 ug/dl (Buchet et al., 1978) and 11.0 versus 12.4 ug/dl (Alexander
and Delves, 1981). Maternal blood lead levels decrease throughout pregnancy, the decrease
being greater than the expected dilution via the concurrent increase in plasma volume
(Alexander and Delves, 1981). This decrease in maternal blood lead levels suggests Increased
fetal uptake during gestation (Barltrop, 1969). Increased tissue retention of lead by the
child may also be a factor.

Levels of lead in blood are sex related; adult women invariably show lower levels than
adult males (e.g., Mahaffey et al., 1979). Of interest in this regard 1s the study of Stuik
(1974) showing lower blood lead response 1n women than in men for an equivalent level of lead
intake.

The small but biologically significant lead pool in blood plasma has proven technically
difficult to measure, and reliable values have become available only recently (see Chapter 9).
Chamberlain et al. (1978) found that Injected 203Pb was removed from plasma (and, by infer-
ence, from extracellular fluid) with a half-life of less than 1 hr. These data support the
observation of DeSUva (1981) that lead is rapidly cleared from plasma. Ong and Lee (1980a),
in their _hj vitro studies, found that 203Pb is virtually all bound to albumin and that only
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trace amounts are bound to high-weight globulins. To state which binding form constitutes an
"active" fraction for novenent to tissues 1s not possible.

Although Rosen et al. (1974) reported that plasma lead did not vary across a range of
whole blood levels, the findings of Everson and Patterson (1980), OeSllva (1981), and
Cavallerl et al. (1978) Indicate that there 1s an equilibrium between red blood cells (RBCs)
and plasma, such that levels 1n plasma rise with levels 1n whole blood. This observation 1s
consistent with the data of Clarkson and Kench (1958), who found that lead 1n the RBC 1s rela-
tively labile to exchange and a logical prerequisite for a dose-effect relationship in various
organs. Ong and Lee (1980c), furthermore, found that plasma calcium 1s capable of displacing
RBC membrane lead, suggesting that plasma calcium 1s a factor 1n the cell-plasma lead equilib-
rium.

Several studies concerning the relative distribution of lead between erythrocytes and
plasma or serum Indicate that the relative percentage of blood lead 1n plasma versus erythro-
cytes is relatively constant up to a blood lead concentration of about 50-60 ug/dl, but
becomes Increasingly greater above this level, I.e., the overall blood lead/plasma lead rela-
tionship 1s curvilinear upward.

OeSllva (1981) found that the relative fraction of plasma lead versus erythrocytes 1n 105
Australian lead workers Increased at M>0 ug/dl. Similarly, Hanton and Malloy (1983) observed
that a subject having lead intoxication had serum lead values ranging from 1.6 to 0.3 percent
as blood concentration changed from 116 to 31 ug/dl. More recently, Manton and Cook (1984)
demonstrated a curvilinear relationship between serum and whole blood lead levels. As de-
picted in Figure 10-2, the curve Indicates that there 1s a linear segment up to ^50 ug/dl,
followed by rather steep Increases 1n relative serum lead content at higher levels.

Measurement of lead in plasma by these Investigators was carefully carried out, and the
Manton reports involved the definitive lead analysis technique of isotope-dilution mass spec-
trometry (IDMS, see Chapter 9). Given the Increased erythrocyte fragility with increasing
blood lead content (see Section 12.3), slight hemolysls during sampling might contaminate
plasma or serum with high erythrocyte lead and complicate such analyses; however, the reports
did not indicate that hemolysls was considered a problem.

The biological basis for higher levels of plasma versus whole blood lead with increasing
blood lead burden may be related to narked changes in the binding capacity of the erythrocyte
at high lead content. These changes may result from alterations in binding sites or in the
efficiency of lead movement from membrane to erythrocyte interior. Fukumoto et al. (1983)
have demonstrated changes (in the form of a decrease) 1n lead-worker erythrocyte-membrane pro-
teins that may have a role in lead transport. Perhaps more important are the long-known ef-
fects of lead exposure on erythrocyte morphology and destruction rate (see Section 12.3).
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Figure 10-2. The curvilinear relationship of serum lead to blood lead.
Cross-hatched area represents several overlapping points.

Source: Manton and Cook (1984).
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Changes in cell morphology with Increasing blood lead may alter accessibility to binding sites
or the relative stability of these sites. Increased cell destruction may increase protein-
bound cell lead in plasma, which is only slowly transferred back to cell membrane.

!Q vitro data concerning the concentration dependency of lead partitioning between ery-
throcytes and plasma are of interest. Keep in mind, however, that such In vitro data have em-
ployed normal erythrocytes. Clarkson and Kench (1958) showed that the relative partitioning
between normal erythrocytes and plasma is relatively constant up to the highest level tested,
equivalent to 100 ug Pb/dl. In the related study of Kochen and Greener (1973), tracer plus
carrier lead was added to blood of varying henatocrit up to a maximum addition of 1000 ug/dl.
At a normal henatocrit and a higher value (0.65), the percent uptake of lead label by the
cells diminished at around 100 ug/dl, consistent with the Clarkson and Kench (1958) data.
Onset of curvllinearity at a lower blood lead level in vivo in lead-exposed subjects below the
j_n vitro value of ~100 ug/dl probably reflects in part altered cell morphology and stability-
(DeSilva, 1981; Manton and Malloy, 1983; Manton and Cook, 1984).

The curvilinear relationship of plasma to whole blood lead may well be a factor in
Chamberlain's (1963) observation that the relative rate of urinary excretion of lead in human
adults increases with blood lead content, as determined from various published reports provid-
ing both blood and urinary lead data (see Section 10.4). It may also figure in the apparently
better proportionality of tissue lead burdens to dose than blood lead (vide infra) and,
equally important, the curvilinear relationship of chelatable lead to blood lead. That is, at
increasing blood lead, the higher relative rate of plasma lead movement to soft tissues and
bone is greater than would be anticipated from simple Inspection of blood lead content, the
latter rising at a slower rate relative to the increase in plasma lead.

10.3.2 Lead Levels in Tissues
Of necessity, various relationships of tissue lead to exposure and toxlcity in humans

generally must be obtained fro* autopsy samples, although in some studies biopsy data have
been described. Tht Inherent question then is whether such samples adequately represent the
behavior of lead in the living population, particularly in cases where death was preceded by
prolonged Illness or disease states. Also, victims of fatal accidents are not well character-
ized as to exposure status and are usually described as having no "known" lead exposure.
Finally, these studies are necessarily cross-sectional 1n design, and, in the case of body ac-
cumulation of lead, different age groups are assumed to have been similarly exposed. Some im-
portant aspects of the available data include the distribution of lead between soft and cal-
cifying tissue, the effect of age and development on lead content of soft and mineral tissue,
and the relationship between total and "active" lead burdens in the body.
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10.3.2.1 Soft Tissues. In humans over age 20 most soft tissues do not show age-related
changes 1n lead levels, 1n contrast to the case with bone (Barry and Mossman, 1970; Barry,
1975, 1981; Schroeder and Tlpton, 1968; Butt et al., 1964). Kidney cortex also shows In-
creases In lead with age that nay be associated with formation of lead nuclear Inclusion
bodies (Indraprasit et al., 1974). Based on these rates of accumulation, the total body bur-
den may be divided Into pools that behave differently. The largest and klnetlcally slowest
pool 1s the skeleton, which accumulates lead with age. The much more labile lead pool 1s 1n
soft tissue.

Soft-tissue lead levels generally stabilize 1n early adult life and show a turnover rate
similar to that for blood. This turnover Is sufficient to prevent accumulation except 1n the
renal cortex, which may reflect formation of lead-containing nuclear Inclusion bodies (Cramer
et al., 1974; Indraprasit et al., 1974). The data of Gross et al. (1975) and Barry (1975)
Indicate that aortic levels rise with age, although this rise may only reflect entrapment of
lead 1n atherosclerotic deposits. Biliary and pancreatic secretions, while presumably re*
fleeting some of the organ levels, have tracer lead concentrations distinct from either blood
or bone pools (Rab1now1tz et al., 1973).

For levels of lead 1n soft tissue, the reports of Barry (1975, 1981), Gross et al. (1975),
and Hor1uch1 et al. (1959) Indicate that soft-tissue content generally 1s below 0.5 ug/g
wet weight, with higher values for aorta and kidney cortex. The higher values 1n aorta may or
may not reflect lead 1n plaque deposits, while higher kidney levels may be associated with the
presence of lead-accumulating tubular cell nuclear Inclusions. The relatively constant lead
concentration in lung tissue across age groups suggests no accumulation of respired lead and
1s consistent with data for deposition and absorption (see Section 10.2.1). Brain tissue was
generally under 0.2 ppm wet weight and appeared to snow no change with Increasing age. Since
these data were collected by cross-sectional study, age-related changes in the low levels of
lead 1n brain would have been difficult to discern. Barry (1975) found that tissues In a
small group of samples from subjects with known or suspected occupational exposure showed
higher lead levels 1n aorta, liver, brain, skin, pancreas, and prostate.

Analysis of lead levels 1n whole brain 1s less Illuminating than regional analysis to the
Issue of sensitivity of certain regions within the organ to toxic effects of lead. The dis-
tribution of lead across brain regions has been reported by various laboratories. The rele-
vant data for humans and animals are set forth 1n Table 10-2. The data of Grandjean (1978)
and N1klow1tz and Mandybur (1975) for human adults, and those of Okazakl et al. (1963) for
autopsy samples from young children who died of lead poisoning, are consistent 1n showing that
lead Is selectively accumulated 1n the hippocampus. The correlation of lead level with potas-
sium level suggests that uptake of lead 1s greater 1n cellulated areas. The Involvement of
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TABLE 10-2. DISTRIBUTION OF LEAD IN BRAIN REGIONS OF HUMANS AND ANIMALS

Subjects Exposure status Relative distribution Reference

oI

Humans
Adult males

Children

Adults

Animals
Adult rats

Adult rats

Neonatal rats

Young dogs

"Unexposed"

Fatal lead poisoning

Child, 2 yr old Fatal lead poisoning

3 subjects "unexposed";
1 subject with lead
poisoning as child

"Unexposed"

"Unexposed"

Controls and
dally i.p. Injection,
5.0 or 7.5 mg/kg

Controls and dietary
exposure, 100 ppm;
12 weeks of exposure

Hippocampus = amygdala > medulla
oblongata > half brain > optic tract
= corpus callosum. Pb correlated
with potassium.

Hippocampus > frontal cortex »
occipital white matter, pons

Cortical gray matter > basal ganglia >
cortical white matter

Hippocampus > cerebellum = temporal
lobes > frontal cortex In 3 unexposed
subjects; temporal lobes > frontal
cortex > hippocampus > cerebellum In
case with prior exposure

Hippocampus > amygdala » whole brain

Hippocampus had 50X of brain lead
with a 4:1 ratio of hippocampus
to whole brain concentrations

In both treated and control animals
cerebellum > cerebral cortex >
bralnstem * hippocampus

cerebellum = medulla >
> occipital gray > frontal

Controls:
caudate
gray

Exposed: occipital gray > frontal
gray = caudate > occipital
white = thalamus > medulla > cerebellum

Grandjean (1978)

Okazakl et al. (1963)

Klein et al. (1970)

Nlklowltz and
Mandybur (1975)

Danscher et al. (1975)

Fjerdlngstad et al.
(1974)

Klein and Koch (1981)

Stowe et al. (1973)



the cerebellum in lead encephalopathy in children (see Section 12.4) and In adult intoxication
from occupational exposure indicates that the sensitivity of various brain regions to lead as
well as their relative uptake characteristics are factors in lead neuropathology.

In adult rats, selective uptake of lead 1s shown by the hippocampus (Fjerdingstad et al.,
1974; Danscher et al., 1975) and the amygdala (Danscher et al., 1975). By contrast, lead-
exposed neonate rats show greatest uptake of lead into cerebellum, followed by cerebral cor-
tex, then bralnstem plus hippocampus. Hence, there is a developmental difference in lead dis-
tribution 1n the rat with or without Increased lead exposure (Klein and Koch, 1981).

In studies of young dogs, "unexposed" animals showed highest levels in the cerebellum.
Increased lead exposure was associated with selective uptake Into gray matter, while cerebel-
lar levels were relatively low. Unlike the young rat, then, the distribution of lead in brain
regions of dogs appears dose-dependent (Stowe et al., 1973).

The relationship of lead distribution to various tissues with changes in lead exposure
has not been well researched. Available information does suggest that the nature of lead ex-
posure in experimental animals Influences the relationship of tissue lead level to both blood
lead level and level of intake. Long-term oral exposure of experimental animals at relatively
moderate dosing would appear to result in tissue values that show more proportionality to dose
than do blood lead values, although tissue versus blood lead relationships still appear to be
curvilinear. Such is the case with dogs exposed to dietary lead for 2 years (Azar et al.,
1973) and rats exposed j_n utero and postnatally up to 9 months of age (Grant et al., 1980).

By contrast, short-term.exposure at various dosing levels yields highly variable data
(see Section 12.4.3.5 and Table 12-8). Bull et al. (1979) have reported brain and blood lead
data for dam-exposed suckling rats that show marked deviation from linear response to dose
when lead was administered in drinking water at 0.0005 to 9.02 percent lead. Over this 40-
fold oral dosing range, brain lead levels Increased only approximately threefold at 21 days of
age. Whether this low absorption of lead by brain reflects tissue distribution curvllinearity
in the pups or reflects a function of nonlinear milk lead versus maternal dosing relationships
cannot be determined. Col 11ns et al. (1982) reported that rats orally exposed to lead from 3
days of age for 4-8 weeks showed a two- to threefold increase in brain regions when the dosing
level was increased to 1.0 mg/kg from 0.1 ing/kg. Blood lead at these two dosing levels showed
a concentration ratio of ~2.5, Indicating that both brain tissue and blood showed similar non-
linear response over this 10-fold change 1n oral exposure.

Barry (1975, 1981) compared lead levels in soft tissues of children and adults. Tissue
lead of infants under 1 year old was generally lower than In older children, while children
aged 1-16 years had values that were comparable to those for adult women. In Barry's (1981)
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study, the absolute concentration of lead 1n brain cortex or the ratios of brain cortex to
blood lead levels did not appear to be different 1n Infants or older children compared to
adults. Such direct comparisons do not account for relative tissue mass changes with age, but
this factor 1s comparatively less with soft tissue than with the skeletal system (see Section
10.4).

Subcellular distribution of lead 1n soft tissue 1s not uniform, with high amounts of lead
being sequestered 1n the Mitochondria and nucleus. Cramer et al. (1974) studied renal biopsy
tissue in lead workers having exposures of variable duration. They observed lead-binding
nuclear inclusion bodies In the renal proximal tubules of subjects having short exposure, with
all showing mitochondria! changes. A considerable body of animal data (see Section 10.3.5)
documents the selective uptake of lead Into these organelles. Pounds et al. (1982) describe
these organellar pools in kinetic terms as having comparatively short half-lives in cultured
rat hepatocytes, while HcLachlin et al. (1980) found that rat kidney epithelial cells form
lead-sequestering nuclear Inclusions within 24 hr.
10.3.2.2 Mineralizing Tissue. Biopsy and autopsy data have shown that lead becomes localized
and accumulates in human calcified tissues, I.e., bones and teeth. The accumulation begins
with fetal development (Barltrop, 1969; Horiuchi et al., 1959).

Total lead content In bone may exceed 200 mg in men aged 60 to 70 years, but in women the
accumulation 1s somewhat lower. Various Investigators (Barry, 1975; Horiguchi and Utsunomiya,
1973; Schroeder and Tipton, 1968; Horiuchi et al., 1959) have documented that approximately 95
percent of total body lead is lodged in bone. These reports not only establish the affinity
of bone for lead, but also provide evidence that lead increases in bone until 50-60 years of
age, the later fall-off reflecting some combination of diet and mineral metabolism changes.
Tracer data show accumulation in both trabecular and compact bone (Rabinowltz et al., 1976).

In adults, bone lead is the most inert pool as well as the largest, and accumulation can
serve to maintain elevated blood lead levels years after past, particularly occupational, ex-
posure has ended. This fact accounts for the observation that duration of exposure correlates
with the rate of reduction of blood lead after termination of exposure (O'Flaherty et al.,
1982). The proportion of body lead lodged in bone 1s reported to be lower in children than 1n
adults, although concentrations of lead in bone increase more rapidly than in soft tissue
during childhood (Barry, 1975, 1981). In 23 children, bone lead was 9 mg, or 73 percent of
total body burden, versus 94 percent in adults. Expression of lead in bone in terms of con-
centration across age groups, however, does not accommodate the "dilution" factor, which is
quite large for the skeletal system 1n children (see Section 10.4).

The isotope kinetic data of Rabinowltz et al. (1976) and Holtzman (1978) indicate blolog-
fcal half-lives of lead in bone on the order of several decades, although it appears that
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there are two bone compartments, one of which Is a repository for relatively labile lead
(Rablnowltz et al., 1977).

Tooth lead levels also Increase with age at a rate proportional to exposure (Steenhout
and Pourtols, 1981), and are also roughly proportional to blood lead levels in man (Wlnneke et
al., 1981; Shaplro et al., 1978) and experimental animals (Kaplan et al., 1980). Dentine lead
1s perhaps the most responsive component of teeth to lead exposure because 1t 1s laid down
from the time of eruption until the tooth Is shed. Needleman and Shaplro (1974) have docu-
mented the usefulness of dentine lead as an Indicator of the degree of subject exposure.
Fremlln and Edmonds (1980), using alpha-particle excitation and mlcroautoradlography, have
shown dentine zones of lead enrichment related to abrupt changes 1n exposure. The rate of
lead deposition 1n teeth appears to vary with the type of tooth. Deposition 1s highest 1n the
central Incisors and lowest 1n the molars, a difference that must be taken Into account when
using tooth lead data for exposure assessment, particularly for low levels of lead exposure
(Mackle et al., 1977; Delves et al., 1982).

10.3.3 Chelatable Lead
Mobile lead in organs and systems 1s potentially more "active" toxlcologlcally 1n terms

of being available to sites of action. Hence, the presence of diffusible, moblHzable, or ex-
changeable lead may be a more significant predictor of Imminent toxldty or recent exposure
than total body or whole blood burdens. In reality, however, assays for mobile lead would be
quite difficult.

In this regard, chelatable urinary lead has been shown to provide an Index of this
mobile portion of total body burden. Note that "chelatable" lead refers here to the use of
calcium disodium ethylened1am1netetraacet1c add (CaNa2EDTA) and body compartments accessible
to this chelant. Based mainly on the relationship of chelatable lead to Indices of hene bio-
synthesis Impairment, chelatlon challenge 1s now viewed as the most useful probe of undue body
burden in children and adults (U.S. Centers for Disease Control, 1978; World Health Organiza-
tion, 1977; Chlsolm and Barltrop, 1979; Chisolm et a4., 1976; Saenger et al., 1982; Hansen et
al., 1981). In adults, chelatlon challenge 1s the most reliable diagnostic test for assess-
ment of lead nephropathy, particularly when exposure Is remote 1n time (Emerson, 1963; Wedeen
et al., 1979) or unrecognized (Batman et al., 1981, 1983).

A quantitative description of Inputs to the fraction of body lead that 1s chelatable from
various body compartments 1s difficult to define fully, but 1t very likely Includes a sizable,
fairly mobile compartment within bone as well as within soft tissues. This assertion 1s based
on several factors. First, the amount of lead mobilized by chelatlon is age-dependent 1n non-
exposed adults (Araki, 1973; Arakl and Ushlo, 1982), while blood and soft-tissue lead levels
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are not (Barry, 1975). This difference Indicates a lead pool labile to chelatlon but klnetl-
cally distinct from soft tissue. Second, studies of chelatable lead in animals (Hammond,
1971, 1973) suggest removal of some bone lead fraction, as does the response of explanted
fetal rat bone lead to chelants (Rosen and Markowltz, 1980). Third, the tracer modeling esti-
mates of Rab1now1tz et al. (1977) suggest a mobile bone compartment, and fourth, there 1s a
complex, nonlinear relationship of lead Intake by air, food, and water (see Chapter 11) to
blood lead, and an exponential relationship of chelatable lead to blood lead (Chlsolm et al.,
1976).

The logarithmic relationship of chelatable lead to blood lead in children (Chlsolm et
al., 1976) 1s consistent with the studies of Saenger et al. (1982), who reported that levels
of moblUzable lead 1n "asymptomatic" children with moderate elevations in blood lead were
quite similar 1n nany cases to those values obtained 1n children with signs of overt toxldty.
Hansen et al. (1981) reported that lead workers challenged with CaNa2EDTA showed 24-hr urine
lead levels that in many cases exceeded the accepted limits even though blood lead was only
moderately elevated in many of those workers. The action level corresponded, on the regres-
sion curve, to a blood lead value of 35 ug/dl.

Several reports provide Insight Into the behavior of labile lead pools in children treat-
ed with chelatlng agents over varying periods of time. Treatment regimens using CaNa2EDTA or
CaNa2EDTA + BAL (British ant 1-Lewisite, or dlmercaprol) for up to 5 days have been invariably
associated with a "rebound" in blood lead, ascribed to a redistribution of lead among mobile
lead compartments (Chlsoln and Barltrop, 1979). Marcus (1982) reported that 41 children given
oral 0-pen1c1llam1ne for 3 months showed a significant drop in blood lead by 2 weeks (mean
initial value of 53.2 ug/dl), then a slight rise that was within measurement error with a peak
at 4 weeks, and a fall at 6 weeks, followed by no further change at a blood lead level of
36 ug/dl. Hence, there was a near steady state at an elevated level for 10 of the 12 weeks
with continued treatment. This observation could have Indicated that re-exposure was occur-
ring, with oral penlcillamlne and Ingested lead leading to increased lead uptake, as seen by
Jugo et al. (1975a). However, Marcus (1982) stated that an effort was made to limit further
lead intake as much as possible. From these reports, a re-equilibration does appear to occur,
varying In characteristics with type and duration of chelatlon. The rebound seen in short-
term treatment with CaNa2EDTA or CaNa2EDTA + BAL, although attributed to soft tissue, could
well include a shift of lead from a larger mobile bone compartment to soft tissues and blood.
The apparent steady state between the blood lead pool and other compartments that is achieved
in the face of plumburesis, Induced by 0-pen1c1llam1ne (Marcus, 1982), suggests a rather siza-
ble labile body pool which, 1n quantitative terms, would appear to exceed that of soft tissue
alone.
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Several studies of EDTA mobilization of lead in children (Saenger et al., 1982; PlomelH
et al., 1984) indicate the relative merit of assessing chelatable lead burden in children
otherwise characterized as having mild or moderate lead exposure as indicated by blood lead
levels. Saenger et al. (1982) noted that significant percentages of children having mild or
moderate lead exposure as commonly Indexed were found after EDTA challenge to have levels of
plumburesis that would qualify them for chelation therapy under U.S. Centers for Disease
Control (CDC) guidelines.

In the most comprehensive evaluation of this Issue to date (PiomelH et al., 1984), 210
children from four different urban lead-poisoning treatment centers were evaluated by EDTA
provocation testing. The results showed that at a blood lead level of 30-39 ug/dl, 12 percent
(6/52) of children exceed the ratio of 0.6 for ug Pb excreted per mg EDTA per 8 hr. This
ratio was selected by the study clinicians as differentiating children with mobile lead bur-
dens who require further evaluation and/or treatment. Thirty-eight percent of children with
blood lead levels of 40-49 ug/dl exceeded the action ratio of 0.6.

As indicated in Section 10.3.1, one basis for the curvilinear relationship between chela-
table lead and blood lead may be the curvilinear relationship of plasma lead to blood lead.
The former increases at a faster rate with exposure increases than blood lead, permitting an
increasingly greater rate of lead transfer to the chelatable lead compartment.

10.3.4 Mathematical Descriptions of Physiological Lead Kinetics
To account for observed kinetic data and make predictive statements, a variety of mathe-

matical models have been suggested, Including those describing "steady-state" conditions.
Tracer experiments have suggested compartmental models of lead turnover based on a central
blood pool (Holtzman, 1978; Rablnowltz et al., 1976; Batschelet et al., 1979). These experi-
ments have hypothesized well-mixed, interconnected pools and have used coupled differential
equations with linear exponential solutions to predict blood and tissue lead exchange rates.
Were lead to be retained in these pools 1n accordance with a power-law distribution of resi-
dence times, rather than being uniform, a seal-Markov model would be more appropriate (Marcus,
1979).

In the model proposed by Rabinowltz et al. (1976), based on the use of stable lead iso-
tope tracer in adult volunteers, lead biokinetics is envisioned in terms of three body com-
partments. These compartments, consisting of a central blood compartment as well as soft-
tissue and bone compartments, differ as to biological half-lives or mean-lives (half life =
mean-life x 0.693). Blood shows the shortest biological half-life, followed by soft tissue
and then the bone compartment. Bone contains most of total body lead burden.
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A more recent approach has been that of Kneip et al. (1983) for multi-organ compartmen-
talization of lead, based on data obtained with infant and juvenile baboons administered sin-
gle and chronic lead doses orally. The model proposed for infant baboons is depicted in
Figure 10-3. Figure 10-3 acknowledges differences in certain features of lead biokinetics
that differ in the developing versus adult organism. One of these differences is the lead
transfer rate from blood to bone. In addition, an extracellular space-gut (ECS-Gut) compart-
ment is included in Figure 10-3. The emphasis is on lead intake through the gut, and a
respiratory intake component is not included. In common with other attempts at modeling, the
blood compartment in the approach of Kneip et al. (1983) is not further characterized kineti-
cally, which is a limitation in view of the data base concerning such relationships as the
curvilinear one between plasma and blood lead (see Section 10.3.2).

Most extant steady-state models are deficient because they are based on small numbers of
subjects and neglect a dose dependency for some of the interpool transfer coefficients. In
this case, a nonlinear dose-indicator response model would be more appropriate when consid-
ering changes in blood lead levels. For example, the relationship between blood lead and air
lead (Hammond et al., 1981; Brunekreef, 1984) as well as that between diet (United Kingdom
Central Directorate on Environmental Pollution, 1982) and tap drinking water (Sherlock et al.,
1982) are all nonlinear in mathematical form. In addition, alterations in nutritional status
or the onset of metabolic stresses can complicate steady-state relationships.

In a series of papers, Marcus (1985a,b,c,d) has discussed linear and nonlinear multicorn-
par tmental models of lead kinetics and has addressed in particular the relationship between
plasma lead and blood lead and the relationship between blood lead and total lead intake. As
shown in Figure 10-4, Marcus (1985d) differentiated four discrete pools within the blood com-
partment: diffusible lead in plasma, protein-bound lead in plasma, a "shallow" red blood cell
pool (possibly the erythrocyte membrane), and a "deep" red blood cell pool (probably within
the erythrocyte). This model was based on previously published data from a volunteer subject
who ingested lead under controlled experimental conditions (DeSilva, 1981). Different ver-
sions of the model, all assuming steady-state conditions for lead in all tissues, were ana-
lyzed in terms of three possible mechanisms that might underlie nonlinear blood kinetics:
site-limited lead uptake, saturated active absorption, and increased urinary elimination
(Marcus, 1985c). The site-limited absorption model provided the best description of a non-
linear relationship between plasma lead and blood lead. Figure 10-5 shows the fit of the
model to data from 103 subjects studied by DeSilva (1981). At relatively high blood lead
levels, the fit appears quite satisfactory, but plasma lead is underestimated below 30 (jg/dl
blood lead (see solid line in Figure 10-5). Adding an intercept term of 0.25 (see broken line
in Figure 10-5) improves the fit at low blood lead values. The need for an intercept term can
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be attributed to possible analytic error due to contamination of the plasma samples or to
transient fluctuations In plasma lead due to lead exposure Just prior to sampling (Marcus,
1985c). In any event, curv1linear1ty 1s modest below 30 ug/dl. For Individuals without oc-
cupational or other excessive exposure to lead (>30 ug/dl blood lead), it 1s not possible to
distinguish linear and nonlinear kinetic models (Marcus, 1985c).

10.3.5 Animal Studies
The relevant questions to be asked of animal data are those that cannot be readily or

fully satisfied by data from human subjects. What 1s the effect of exposure level on distri-
bution within the body at specific time points? What 1s the relationship of age or develop-
mental stage on the distribution of lead in organs and systems, particularly the nervous sys-
tem? What are the relationships of physiological stress and nutritional status to the redls-
bution kinetics? Can the relationship of chelatable lead to such indicator lead pools as
blood be defined better?

Administration of a single dose of lead to rats produces high Initial lead concentrations
1n soft tissues, which then fall rapidly as the result of excretion and transfer to bone
(Hammond, 1971), while the distribution of lead appears to be Independent of the dose.
Caste!11 no and Aloj (1964) reported that single-dose exposure of rats to lead was associated
with a fairly constant ratio of erythrocyte lead to plasma lead, a rapid distribution to
tissues, and relatively higher uptake In liver, kidney, and particularly bone. Lead loss from
organs and tissues follows first-order kinetics except from bone. The data of Morgan et al.
(1977), Caste!11 no and Aloj (1964), and Keller and Doherty (1980a) document that the skeletal
system in rats and mice 1s the klnetlcally rate-limiting step 1n whole-body lead clearance.

Subcellular distribution studies Involving either tissue fractlonatlon after i_n vivo lead
exposure or j_n vitro data document that lead is preferentially sequestered 1n the nucleus
(CastelHno and Aloj, 1964; Goyer et al., 1970) and «1tochondr1al fractions (CastelHno and
Aloj, 1964; Barltrop et al., 1974) of cells from lead-exposed animals. Lead enrichment in the
mitochondrion is consistent with the high sensitivity of this organelle to the toxic effects
of lead.

The neonatal animal seems to retain proportionately higher levels of tissue lead compared
with the adult (Goldsteln et al., 1974; Momcllovld and Kostlal, 1974; MykkMnen et al., 1979;
Klein and Koch, 1981) and shows slow decay of brain lead levels while other tissue levels sig-
nificantly decrease over time. This decay appears to result from enhanced entry by lead due
to a poorly developed brain barrier system 1n the developing animals, as well"as enhanced body
retention in the young animals. The effects of such changes as metabolic stress and nutri-
tional status have been noted 1n the literature. Keller and Ooherty (1980b) have documented
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that tissue redistribution of lead, specifically bone lead mobilization, occurs 1n
lactating female mice, with both lead and calcium transfer occurring from mother to pups
(Keller and Doherty, 1980c). Changes 1n lead movement from body compartments, particularly
bone, with changes 1n nutrition are described in Section 10.5.

In animal studies that are relevant both to the issue of chelatable lead versus lead in-
dicators in humans and to the relative lability of lead in the young versus the adult, Jugo et
al. (1975b) and Jugo (1980) studied the chelatability of lead 1n neonate versus adult rats and
its lability in the erythrocyte. Challenging young rats with metal chelants yielded propor-
tionately lower levels of urinary lead than 1n the adult, a finding that has been ascribed to
tighter binding of lead in the young animal (Jugo et al., 1975b). In a related observation,
the chelatable fraction of lead bound to erythrocytes of young animals given 203Pb was approx-
imately threefold greater than in the adult rat (Jugo, 1980), although the fraction of dose in
the cells was higher 1n the suckling rat. The difference in the suckling rat erythrocyte re-
garding the binding of lead and relative content compared with the adult may be compared with
Ong and Lee's (1980b) observation that human fetal hemoglobin binds lead more avidly than does
mature hemoglobin.

10.4 LEAD EXCRETION AND RETENTION IN HUHANS AND ANIMALS
Dietary lead that is not absorbed in humans and animals passes through the GI tract and

is eliminated with feces, as 1s the deposited fraction of air lead that 1s swallowed and not
absorbed. Lead absorbed Into the blood stream and not retained 1s excreted through the renal
and GI tracts, the latter by biliary clearance. The amounts appearing in urine and feces
appear to be a function of such factors as species, age, and differences in dosing.

10.4.1 Human Studies
Booker et al. (1969) found that 212Pb Injected into two adult volunteers led to initial

appearance of the label 1n urine (4.4 percent of dos* in 24 hr), then in both urine and feces
in approximately equal amounts. By use of the stable Isotope 204Pb, Rabinowitz et al. (1973)
reported that urinary and fecal excretion of the label amounted to 38 and 8 M9/day in adult
subjects, accounting for 76 and 16 percent, respectively, of the measured recovery. Fecal ex-
cretion was thus approximately twice that of all the remaining modes of excretion: hair,
sweat, and nails (8 percent).

Perhaps the most detailed study of lead excretion in adult humans was done by Chamberlain
et al. (1978), who administered 203Pb by injection, inhalation, and ingestion. After Injec-
tion or oral Intake, the amounts in urine (Pb-U) and feces (Pb-Fe, endogenous fecal lead) were
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compared for the two administration routes. Endogenous fecal lead was 50 percent of that in
urine, or a 2:1 ratio of urinary to fecal lead. (Increased transit time was allowed for fecal
lead to pass through the GI tract.)

Based on the.metabolic balance and isotope excretion data of Kehoe (1961a,b,c), Rabino-
witz et al. (1976), and Chamberlain et al. (1978), as well as on some recalculations of the
Kehoe and Rabinowitz data by Chamberlain et al. (1978), short-term lead excretion amounts to
50-60 percent of the absorbed fraction, the balance moving primarily to bone with some sub-
sequent fraction (approximately half) of this stored amount eventually being excreted. The
rapidly excreted fraction was determined by Chanberlain et al. (1978) to have an excretion
half-life of about 19 days. This value is consistent with the estimates of Rabinowitz et al.
(1976), who expressed clearance in terns of mean-lives. Mean-lives are multiplied by In 2
(0.693) to arrive at half-lives. The similarity of the blood 203Pb half-life with that of
body excretion noted by Chamberlain et al. (1978) indicates a steady rate of clearance from
the body.

The age dependency of lead excretion rates in humans has not been well studied; all of
the above lead excretion data involved only adults. Table 10-3 combines available data from
adults (Rabinowitz et al., 1977; Thompson, 1971; Chamberlain et al., 1978) and infants
(Ziegler et al., 1978) for purposes of comparison. Intake, urine, fecal, and endogenous fecal
lead data from two studies on adults and one report on infants are used. For consistency in
the adult data, 70 kg is used as an average adult weight, and a Pb-Fe:Pb-U ratio of 0.5 is
used. Daily lead intake, absorption, and excretion values are expressed as kig/kg body weight.
For the infant data, daily endogenous fecal lead excretion is calculated using the adult ratio
as well as the extrapolated value of 1.5 ug/kg. The respiratory lead intake value for the
infants is an upper value (0.2 ug/m3), since Ziegler et al. (1978) found air lead to be <0.2
Ijg/m3. Compared to the two representative adult groups, infants appear to have a lower total
excretion rate, although the excretion of endogenous fecal lead may be higher than for adults.

In humans, the dependence of lead excretion rate on level of exposure has been studied in
some detail by Chaaberlain (1983), who used data from the published reports of King et al.
(1979), Williaas «t al. (1969), Gross (1981), Oevoto and Spinazzola (1973), Azar et al.
(1975), and Chamberlain et al. (1978). Figure 10-6 reproduces Chamberlain's plots of urinary
excretion rate for lead versus blood lead as provided in the various studies. Renal clearance
of lead appears to increase as blood lead increases from 25 to 80 ug/dl. the highest blood
value reported. Given the earlier discussion concerning the increased fractional partitioning
of blood lead into plasma with increasing blood lead burden (see Section 10.3.1), one would
anticipate an increasing renal excretion rate for lead over a broad range of blood lead.
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TABLE 10-3. DAILY LEAD EXCRETION AND RETENTION DATA FOR ADULTS AND INFANTS

Dietary Intake (ug/kg)

Fraction of Intake absorbed

Diet lead absorbed (ug/kg)

A1r lead absorbed (ug/kg)

Total absorbed lead (ug/kg)

Urinary lead excreted (pg/kg)

Ratio: urinary/absorbed lead

Endogenous fecal lead (ug/kg)

Total excreted lead (ug/kg)

Ratio: total excreted/absorbed
lead

Fraction of Intake retained

Children3

10.76

0.46 (0.55)d

4.95 (5.92)

0.20

5.15 (6.12)

1.00

0.19 (0.16)

0.5 (1.56)f

1.50 (2.56)

0.29 (0.42)

0.34 (0.33)

Adult fa
group A

3.63

0.15e

0.54

0.21

0.75

0.47

0.62

0.249

0.71

0.92

0.01

Adult
group B

3.86

0.15e

0.58

0.11

0.68

0.34

0.50

0.179

0.51

0.75

0.04

aZ1egler et al. (1978).
bRab1now1tz et al. (1977).
^Thompson (1971) and estimates of Chamberlain et al. (1978).,
Each of the values 1n parentheses 1n this column 1s corrected for endogenous fecal
lead at extrapolated value froa Zlegler et al. (1978).
Corrected for endogenous fecal lead (Pb-Fe = 0.5 x Pb-U).
Extrapolated value of 1.56 for endogenous fecal Pb.

9Pb-Fe = 0.5 x Pb-U.
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Data in Figure 10-6 Indicate Increased renal excretion of lead only. How the correspon-
ding biliary excretion rate changes 1n the face of Increasing lead absorption 1s not known.
Hence, the overall Impact of Increasing exposure on total body clearance of the toxicant 1s
difficult to assess. In experimental animals, the relative partitioning of lead between renal
and biliary excretion routes has been shown to be dose- and species-dependent (see Section
10.4.2).

Lead accumulates In the human body with age, mainly 1n bone, up to approximately 60 years
of age, when a decrease occurs with changes 1n Intake as well as 1n bone mineral metabolism.
Total accumulation by 60 years of age ranges up to approximately 200 mg (see review by Barry,
1978), although occupational exposure can raise this figure several-fold (Barry, 1975).
Holtzman (1978) has reviewed the available literature on studies of lead retention 1n bone.
In normally exposed humans a biological half-life of approximately 17 years has been calcula-
ted, while data for uranium miners yield a range of 1320-7000 days (4-19 years). Chamberlain
et al. (1978) have estimated lifetime averaged dally retention at 9.5 ug using data of Barry
(1975). Within shorter time frames, however, retention can vary considerably due to such fac-
tors as disruption of the Individual's equilibrium with changes 1n level of exposure, the dif-
ferences between children and adults, and, 1n elderly subjects, the presence of osteoporosls
(Gross and Pfltzer, 1974).

Lead labeling experiments, such as those'of Chamberlain et al. (1978), Indicate a short-
term or initial retention of approximately 40-50 percent of the fraction absorbed. Much of
this retention 1s by bone. Determining how much lead resorptlon from bone will eventually
occur using labeled lead 1s difficult, given the extremely small fraction of labeled to
unlabeled lead (I.e., label dilution) that would exist. Based on the estimates of Kehoe
(1961a,b,c), the Gross (1981) evaluation of the Kehoe studies, the Rab1now1tz et al. (1976)
study, the Chamberlain et al. (1978) assessments of the aforementioned reports, and the data
of Thompson (1971), one can estimate that approximately 25 percent of the lead absorbed dally
undergoes long-term bone storage.

The above estimates relate either to adults or to long-term retention over most of an In-
dividual's lifetime. Studies with children and developing animals (see Section 10.4.2) Indi-
cate lead retention in childhood can be higher than in adulthood. By means of metabolic
balance studies, Zlegler et al. (1978) obtained a retention figure (as percentage of total in-
take) of 31.5 percent for Infants, while Alexander et al. (1973) provided an estimate of 18
percent. Corrected retention data for both total and absorbed Intake for the pediatrlc sub-
jects of Zlegler et al. (1978) were shown 1n Table 10-3, using the two values for endogenous
fecal excretion as noted. Barltrop and Strehlow (1978) calculated a net negative lead reten-
tion 1n their subjects, but problems 1n comparing this report with the others were noted
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earlier. Given the Increased retention of lead in children relative to adults, as well as the
greater rate of lead intake on a body-weight basis, increased uptake in soft tissues and/or
bone is indicated.

Barry (1975, 1981) measured the lead content of soft and mineral tissues in a small group
of autopsy samples from children 16 years of age and under, and noted that average soft-tissue
values were comparable to those in female adults, while mean bone lead values were lower than
in adults. These results suggest that bone in children has less retention capacity for lead
than bone in adults. Note, however, that "dilution" of bone lead will occur because of the
significant growth rate of the skeletal system through childhood. Trotter and Nixon (1974)
studied changes in skeletal mass, density, and mineral content as a function of age, and noted
that skeletal mass increases exponentially in children until the early teens, increases less
up to the early 20s, levels off in adulthood, and then slowly decreases. From infancy to the
late teens, bone mass increases up to 40-fold. Barry (1975) noted an approximate doubling in
bone lead concentration over this interval, indicating that total skeletal lead had actually
increased 80-fold. He also obtained a mean total bone lead content of approximately 8 mg for
children up to 16 years old, compared with a value of approximately 18 mg estimated from both
the bone concentrations in his study of children at different ages and the bone growth data of
Trotter and Hixon (1974). In a later study (Barry, 1981), autopsy samples from infants and
children between 1 and 9 years old showed an approximately 3.5-fold increase in mean bone con-
centrations across the three bone types studied, compared with a skeletal mass increase from
0-6 months to 3-13 years old of greater than 10-fold, for an estimated increase in total lead
of approximately 35-fold. Five reports (see Barry, 1981) noted age versus tissue lead rela-
tionships indicating that overall bone lead levels in infants and children were less than in
adults, whereas four reports observed comparable levels in children and adults.

If one estimates total daily retention of lead in the infants studied by Ziegler et al.
(1978), using a mean body weight of approximately 10 kg and the corrected retention rate in
Table 10-3, one obtains a total daily retention of approximately 40 ug. By contrast, the
total reported or estimated skeletal lead accumulated between 2 and 14 years is 8-18 mg (vide
supra), which averages out to a daily long-term retention of 2.0 to 4.5 ug/day or 6-13 percent
of total retention. Lead retention may be highest in infants up to about 2 years of age (the
subjects of the Ziegler et al. study), then decreases in older children. The mean retention
in the Alexander et al. (1973) study was 18 percent, about half that seen by Ziegler et al.
(1978). This difference may result from the greater age range in the former study.

"Normal" blood lead levels in children either parallel adult male levels or are approxi-
mately 30 percent greater than adult female levels (Chamberlain et al., 1978), indicating
(1) that the soft-tissue lead pool in very young children is not greatly elevated and thus,
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(2) that there 1s a huge labile lead pool 1n bone that 1s still kinetlcally quite distinct
from soft-tissue lead or (3) that 1n young children, blood lead 1s a much less reliable Indi-
cator of greatly elevated soft-tissue or labile bone lead than 1s the case with adults. Barry
(1981) found that soft-tissue lead levels were comparable 1n Infants 51 year old and children
1-5 and 6-9 years old.

Given the Implications of the above discussion—that retention of lead 1n young children
1s higher than 1n adults and possibly older children, while at the same time their skeletal
system 1s less effective for long-tem lead sequestration—the very young child 1s at greatly
elevated risk to a toxlcologlcally "active" lead burden. For further discussion, see Chapter
13.

Rab1now1tz et al. (1976) examined the b1ok1net1cs of a stable Isotope of lead (204Pb)
entering human hair after absorption, hair being a mode of lead excretion 1n humans and other
mammals. Feeding adult male volunteers 204Pb dally for about 100 days and analyzing the Iso-
tope 1n facial hair resulted 1n the observation that hair responds more gradually than blood
to changes In uptake, with a delay of about 35 days. Hair lead values should be Interpreted
as the Integral of the blood lead values over about 100 days.

10.4.2 Animal Studies
In rats and other experimental animals, both urinary and fecal excretion are Important

routes of lead removal from the organism. The relative partitioning between the two modes 1s
species- and dose-dependent. Morgan et al. (1977) Injected 203Pb Into adult rats and noted
that lead Initially appeared 1n urine, followed by equivalent elimination 1n both urine and
feces. By 5 days, lead was proportionately higher 1n feces. CastelUno and Aloj (1964),
using 210Pb, observed that fecal excretion was approximatety twice that of urine (35.7 versus
15.9 percent) by 14 days. In the report of Klaassen and Shoeman (1974), relative excretion by
the two routes was seen to be dose-dependent up to 1.0 rag Pb/kg. Excretion was much higher by
biliary clearance into the gut. At 3.0 mg Pb/kg, approximately 90 percent of the excreted
amount was detected 1n feces. The relatively higher proportion appearing in feces in the
studies of Caste!Uno and Aloj (1964) and Klaassen and Shoeman (1974), compared with the re-
sults of Morgan et al. (1977), possibly results from use of carrier dosing, since Morgan
et al. (1977) used carrier-free Injections. Hence, Increasing dose does appear to favor bi-
liary excretion, as noted by Klaassen and Shoeaan (1974).

With regard to species differences, Klaassen and Shoeman (1974) found that the amount of
biliary clearance in dogs was about 2 percent of that in rats, while rabbits showed 50 percent
of the rate of the rat at equivalent dosing. These data for the dog conflict with the results
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of Lloyd et al. (1975), who observed 75 percent of the excreted lead eliminated through bili-
ary clearance. Note that the latter researchers used carrier-free label while the other In-
vestigators used Injections with carrier at levels of 3.0 mg Pb/kg. In nice, Keller and
Ooherty (1980a) observed that the cumulative excretion rate of 210Pb 1n urine was 25-50 per-
cent of that In feces. In nonhunan primates, Cohen (1970) observed that baboons excreted lead
at the rate of 40 percent 1n feces and 60 percent in urine. Pounds et al. (1978) noted that
the rhesus monkey lost 30 percent of lead by renal excretion and 70 percent by fecal excre-
tion. This discrepancy Bay also reflect a carrier-dosing difference.

The extent of total lead excretion in experimental animals given labeled lead orally or
parenterally varies, in part due to the time frames for post-exposure observation. In the
adult rat, Morgan et al. (1977) found that 62 percent of Injected 203Pb was excreted by 6
days. By 8 days, 66 percent of injected 203Pb was eliminated 1n the adult rats studied by
Momdlovlc" and Kostial (1974), while the 210Pb excretion data of Castellino and AloJ (1964)
for the adult rat showed 52 percent excreted by 14 days. Similar data were obtained by
Klaassen and Shoeman (1974). Lloyd et al. (1975) found that dogs excreted 52 percent of In-
jected lead label by 21 days, 83 percent by 1 year, and 87 percent by 2 years. In adult mice
(Keller and Ooherty, 1980a), 62 percent of Injected lead label was eliminated by 50 days. In
nonhuman primates, Pounds et al. (1978) measured approximately 18 percent excretion in adult
rhesus monkeys by 4 days.

Kinetic studies of lead elimination in experimental animals Indicate that excretion . >
described by two or more components. From the elimination data of Momcilovic and Kostial
(1974), Morgan et al. (1977) estimated that in the rat the excretion curve obeys a two-compo-
nent exponential expression with half-lives of 21 and 280 hr. In dogs, Lloyd et al. (1975)
found that excretion could be described by three components, I.e., a sum of exponentials with
half-lives of 12 days, 184 days, and 4951 days. Keller and Doherty (1980a) reported that the
half-life of whole-body clearance of Injected 203Pb consisted of an initial rapid and a much
slower terminal component, the latter having a half-life of 110 days in the adult mouse.

The dependency of excretion rate on dose level has been Investigated in several studies.
Although Castellino and AloJ (1964) saw no difference in total excretion rate when label was
injected with 7 or 100 ug of carrier, Klaassen and Shoeman (1974) did observe that the excre-
tion rate by biliary tract was dose-dependent at 0.1, 1.0, and 3.0 mg Pb/kg (urine values were
not provided for obtaining estimates of total excretion). Momcilovic and Kostial (1974) ob-
served an increased rate of excretion Into urine over the added carrier range of 0.1 to 2.0 ug
Pb/kg with no change 1n fecal excretion. In the report of Aungst et al. (1981), excretion
rate in the rat did not change over the Injected lead dosing range of 1.0 to 15.0 mg/kg. Rat
urinary excretion rates thus seem dose-dependent over a narrow range less than 7 ug, while
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elimination of lead through biliary clearance 1s dose-dependent up to an exposure level of 3
nig/kg.

Lead movement from lactating animals to their offspring via milk constitutes both a route
of excretion for the mother and a route of exposure for the young. Investigations directed at
this phenomenon have examined both prior-plus-ongoing maternal lead exposure during lactation
and the effects of Immediate prior treatment. Keller and Doherty (1980b) exposed two groups
of female rats to 210Pb: one group for 105 days before mating; the second before and during
gestation and nursing. During lactation, there was an overall loss of lead from the bodies of
the lactating females compared with controls, while the femur ash weights were Inversely re-
lated to level of lead excretion, Indicating that such enhancement 1s related to bone mineral
metabolism. Lead transfer via milk was approximately 3 percent of maternal body burden, In-
creasing with continued lead exposure during lactation. Lorenzo et al. (1977) found that
blood lead levels in nursing rabbits given Injected lead peaked rather rapidly (within 1 hr),
while milk lead levels showed a continuous Increase for about 8 days, at which point the con-
centration of lead was eightfold higher than 1n blood. This observation Indicates that the
transfer of lead to milk can occur against a concentration gradient in blood. Momcilovid
(1978) and Kostlal and Momc1lov1c (1974) observed that transfer of 203Pb 1n the late stage of
lactation occurs readily in the rat, with higher overall excretion of lead in nursing versus
control females. Furthermore, the rate of lead movement to milk appeared dose-dependent over
the added lead carrier range of 0.2 to 2.0 ug.

The comparative retention of lead in developing versus adult animals has been Investigat-
ed in several studies using rats, mice, and nonhuman primates. Momcilovic and Kostlal (1974)
compared the kinetics of lead distribution in suckling and adult rats after Injection of
203Pb. Over an 8-day Interval, 85 percent of the label was retained in the suckling rat, cow-
pared with 34 percent in the adult. Keller and Doherty (1980a) compared the levels of 210Pb
in 10-day-old mice and adults, noting from the clearance half-lives (vide supra) that lead
retention was greater in the suckling animals than in the adults. In both adult and young
mice, the rate of long-term retention was governed fey the rate of release of lead from bone,
indicating that In the mouse, skeletal lead retention in the young is greater than in the
adult. With Infant and adult monkeys orally exposed to 210Pb, Pounds et al. (1978) observed
that at 23 days the corresponding amounts of initial dose retained were 92.7 and 81.7 percent,
respectively.

The studies of Rader et al. (1981a,b) are of particular interest because they demonstrate
not only that young experimental animals continue to show greater retention of lead in tissue
when exposure occurs after weaning, but also that such retention occurs in terms of either
uniform exposure (Rader et al., 1981a) or uniform dosing (Rader et al., 1981b) when compared
with adult animals. With uniform exposure, 30-day-old rats given lead in drinking water
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showed significantly higher lead levels in blood and higher percentages of dose retained in
brain, femur, and kidney, as well as higher indices of hematopoietic impairment (ALA in urine,
erythrocyte porphyrln) when compared to adult animals. As a percentage of dose retained,
levels of lead retained in the tissue of the young animals were approximately two- to three-
fold higher. In part, this difference results from a higher ingestion rate of lead. However,
in the uniform dosing study where a higher ingestion rate was not the case, an Increased re-
tention of lead still prevailed, the amount of lead in brain being approximately 50 percent
higher in young versus adult animals. Comparison of values in terms of percent retained is
more meaningful for such assessments, because the factor of changes in organ mass (see above)
is taken Into account. Delayed excretion of lead in the young animal nay reflect an Immature
excretory system or a tighter binding of lead in various body compartments.

10.5 INTERACTIONS OF LEAD WITH ESSENTIAL METALS AND OTHER FACTORS
Deleterious agents, particularly toxic metals such as lead, do not express their toxico-

kinetic or toxicological behavior in a physiological vacuum, but rather are affected by Inter-
actions of the agent with a variety of biochemical factors such as nutrients. Growing recog-
nition of this phenomenon and Us Implications for lead toxicity in humans has prompted a
number of studies, many of them recent, that address both the scope and mechanistic nature of
such interactive behavior.

Taken collectively, the diverse human and animal data described in this section make it
clear that there 1s heterogeneity in pedlatrlc populations in terms of relative risk for lead
exposure and deleterious effects depending on nutritional status. Children having multiple
nutrient deficiencies are at greater risk.

10.5.1 Human Studies
In humans, the Interactive behavior of lead and various nutritional factors is appropri-

ately viewed as particularly significant for children, since this age group is not only parti-
cularly sensitive to lead's effects, but also experiences the greatest flux in relative nutri-
ent status. Such Interactions occur against a backdrop of rather widespread deficiencies in a
number of nutritional components in children. While such deficiencies are more pronounced in
lower-income groups, they exist in all socioeconomic strata. Mahaffey and Michaelson (1980)
have summarized the three national nutritional status surveys carried out in the United States
for infants and young children: the Preschool Nutrition Survey, the Ten State Nutrition Sur-
vey, and the Health Assessment and Nutrition Evaluation Survey (HANES I). The most recent
body of data of this type is the second National Health Assessment and Nutrition Evaluation
Survey (NHANES II) study (Mahaffey et al., 1979), although the dietary information from it has
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yet to be reported. In the older surveys, Iron deficiency was the most common nutritional
deficit in children under 2 years of age, particularly children from low-income groups. Re-
duced vitamin C Intake was noted in about one-third of the children, while sizable numbers of
them had significantly reduced Intakes of calcium. Owen and Lippman (1977) reviewed the
regional surveys of low-income groups within Hispanic, white, and black populations. In these
groups, iron deficiency was a common finding, and low Intakes of calcium and vitamins A and C
were observed regularly. Hambidge (1977) concluded that zinc intake in low-Income groups Is
generally inadequate relative to recommended dally allowances.

Available data from a number of reports document the association of lead absorption with
suboptimal nutritional status. Mahaffey et al. (1976) summarized their studies showing that
children with blood lead levels greater than 40 ug/dl had significantly (p <0.01) lower intake
of phosphorus and calcium compared with a control group, while Iron intake in the two groups
was comparable. This study involved children 1-4 years old from an inner-city, low-Income
population, with close matching for all parameters except the blood lead level. Sorrel1 et
al. (1977), 1n their nutritional assessment of 1- to 4-year-old children with a range of blood
lead levels, observed that blood lead content was inversely correlated with calcium Intake,
while children with blood lead levels >60 ug/dl had significantly (p <0.001) lower intakes of
calcium and vitamin 0.

Rosen et al. (1980, 1981) found that children with elevated blood lead (33-120 ug/dl) had
significantly lower serum concentrations of the vitamin 0 metabolite 1,25-dihydroxyvitamln 0
(1,25-(OH)2D) compared with age-matched controls (p <0.001), and showed a negative correlation
of serum 1,25-(OH)20 with lead over the range of blood lead levels measured (see Chapter 12,
Section 12.5, for further discussion). These observations and animal data (Barton et al.,
1978a; see Section 10.5.2) may suggest an increasingly adverse interactive cycle of
1,25-(OH)20, lead, and calcium in which lead reduces biosynthesis of the vitamin D metabolite.
This cycle leads to reduced induction of calcium binding protein (CaBP), less absorption of
calcium from the gut, and greater uptake of lead, thus further reducing metabolite levels.
Barton et al. (1978a) Isolated two mucosal proteins in rat intestine, one of which bound
mainly lead and was not vitamin D-stimulated. The second bound mainly calcium and was under
vitamin control. The authors suggested direct site-binding competition between lead and cal-
cium in these proteins. Hunter (1978) Investigated the possible Interactive role of seasonal
vitamin 0 biosynthesis in adults and children; lead poisoning occurs more often in summer than
in other seasons (see Hunter, 1977, for review). Seasonal1ty accounts for 16 percent of ex-
plained variance of blood lead levels in black children, 12 percent in Hispanic children, and
4 percent in white children. More recently, 1t has been documented that there is no seasonal
variation in circulating levels of 1,25-(OH)2D, the metabolite that affects the rate of lead
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absorption from the GI tract (Chesney et al., 1981). These results suggest that seasonally
is related to changes in exposure.

Johnson and Tenuta (1979) determined that calcium intake was negatively correlated
(r = -0.327, p <0.05) with blood lead 1n 43 children aged 1-6 years. The high lead group
consumed less zinc than children with lower blood levels. Yip et al. (1981) found that 43
children with elevated blood lead (>30 ug/dl) and erythrocyte protoporphyrin (EP) (>35 ug/dl)
had an increased prevalence of iron deficiency as these two parameters increased. Children
classed In COC categories Ib and II had a 79 percent iron deficiency rate, while those in
Class III were all iron deficient. Chisolm (1981) demonstrated an inverse relationship
between chelatable iron and chelatable body lead levels as indexed by urinary ALA levels in 66
children with elevated blood lead. Watson et al. (1980) reported that adult subjects who were
iron deficient (determined from serum ferritin measurement) showed a lead absorption rate 2-3
times greater than subjects who were iron replete. In a group of 13 children, Markowitz and
Rosen (1981) reported that the mean serum zinc levels in children with plumbism were signifi-
cantly below the values seen in normal children. Chelation therapy reduced the mean level
even further. Chisolm (1981) reported an Inverse relationship between ALA in urine (ALA-U)
and the amount of chelatable or systemically active zinc in 66 children challenged with EDTA
and having blood lead levels ranging from 45 to 60 ug/dl. These two studies suggest that zinc
status is probably as important an interactive modifier of lead toxicity as is either calcium
or iron.

The role of nutrients in lead absorption has been reported in several metabolic balance
studies for both adults and children. Ziegler et al. (1978), in their investigations of lead
absorption and retention in infants, observed that lead retention was inversely correlated
with calcium intake, expressed either as a percentage of total intake (r = -0.284, p <0.01) or
on a weight basis (r = -0.279, p <0.01). Interestingly, the calcium intake range measured was
within the range considered adequate for Infants and toddlers by the National Research Council
(National Academy of Sciences, National Research Council, 1974). These data also support the
premise that severe deficiency need not be present for an interactive relationship to occur.
Using adults, Heard and Chamberlain (1982) monitored the uptake of 203Pb from the gut in eight
subjects as a function of the amounts of dietary calcium and phosphorus. Without supplementa-
tion of these minerals in fasting subjects, the label absorption rate was approximately 60
percent, compared to 10 percent with 200 mg calcium plus 140 mg phosphorus, the amounts pres-
ent in an average meal. Calcium alone reduced uptake by a factor of 1.3 and phosphorus alone
by 1.2; both together yielded a reduction factor of 6. This work suggests that insoluble cal-
cium phosphate is formed and co-precipitates any lead present. This interpretation is sup-
ported by animal data (see Section 10.5.2).
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10.5.2 Animal Studies
Reports of lead-nutrient interactions in experimental animals have generally described

such relationships in terras of a single nutrient, using relative absorption or tissue reten-
tion in the animal to index the effect. Most of the recent data are concerned with the impact
of dietary levels of calcium, iron, phosphorus, and vitamin D. Furthermore, some investiga-
tors have attempted to elucidate the site(s) of interaction as well as the mechanism(s)
governing the interactions. Lead's interactions involve the effect of the nutrient on lead
uptake, as well as lead's effect on nutrients. The focus of this discussion is on the former.
These interaction studies are tabulated in Table 10-4.
10.5.2.1 Interactions of Lead with Calcium. The early report of Sobel et al. (1940) noted
that variation of dietary calcium and other nutrients affected the uptake of lead by bone and
blood in animals. Subsequent studies by Mahaffey-Six and Goyer (1970) in the rat have demon-
strated that a considerable reduction In dietary calcium was necessary (from 0.7 percent to
0.1 percent), at which level blood lead was Increased fourfold, kidney lead content was ele-
vated 23-fold, and relative toxicity (Mahaffey et al., 1973) was increased. The changes in
calcium necessary to alter lead's effects in the rat appear to be greater than those seen by
Ziegler et al. (1978) in young children, which Indicates a species difference in terms of sen-
sitivity to basic dietary differences as well as to levels of all interactive nutrients.
These observations in the rat have been confirmed by Kostial et al. (1971), Quarterman and
Morrison (1975), Barltrop and Khoo (1975), and Barton et al. (1978a). The inverse relation-
ship between dietary calcium and lead uptake has also been noted in the pig (Hsu et al.,
1975), horse (Willoughby et al., 1972), lamb (Morrison et al., 1977), and domestic fowl (Berg
et al., 1980).

The mechanism(s) governing lead's Interaction with calcium operate at both the gut wall
and within body compartments. Barton et al. (1978a), using everted duodenal sac preparations
in the rat, reported the following: (1) Interactions at the gut wall require the presence of
intubated calcium to affect lead label absorption (pre-existing calcium deficiency in the
animal and no added calcium had no effect on lead transport); (2) calcium-deficient animals
show increased retention of lead rather than absorption (confirmed by Quarterman et al.,
1973); and (3) lead transport may be mediated by two mucosal proteins, one of which has high
molecular weight and a high proportion of bound lead, and is affected in extent of lead bind-
ing with changes in lead uptake. The second protein binds mainly calcium and is vitamin D-
dependent.

Smith et al. (1978) found that lead is taken up at a different site in the duodenum of
rats than is calcium, but absorption does occur at the site of phosphate uptake, suggesting a
complex interaction of phosphorus, calcium, and lead. This observation is consistent with the
data of Barltrop and Khoo (1975) for rats and the data of Heard and Chamberlain (1982) for
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TABLE 10-4. EFFECT OF NUTRITIONAL FACTORS ON LEAD UPTAKE IN ANIMALS

Factor Species Index of effect Interactive effect Reference

-p.
in

Calcium

Calcium

Calcium

Calcium

Calcium

Iron

Iron

Iron

Rat Lead 1n tissues and
effect severity at
low levels of dietary
calcium

Pig Lead In tissues at
low levels of
dietary calcium

Horse Lead In tissues at
low levels of
dietary calcium

Lamb Lead In tissues at
low levels of
dietary calcium

Rat Lead retention

Rat Tissue levels and
relative toxlclty
of lead

Rat Lead absorption In
everted duodenal
sac preparation

House Lead retention

Low dietary calcium (0.1X)
Increases lead absorption
and severity of effects

Increased absorption of
lead with low dietary
calcium

Increased absorption of
lead with low dietary
calcium

Increased absorption of
lead with low dietary
calcium

Retention Increased In
calcium deficiency

Iron deficiency Increases
lead absorption and
toxlclty

Reduction 1n Intubated
Iron Increases lead
absorption; Increased
levels decrease lead
uptake

Iron deficiency has no
effect on lead
retention

Hahaffey-SIx and Goyer
(1970); Hahaffey et al
(1973)

Hsu et al. (1975)

Willoughby et al. (1972)

Morrlson et al. (1977)

Barton et al. (1978a)

Hahaffey-SIx and Goyer
(1972)

Barton et al. (1978b)

Hamilton (1978)



TABLE 10-4. (continued)

Factor

Iron

Species

Rat

Index of effect

In utero or milk

Interactive effect

Iron deficiency Increases

Reference

Cerklewskl (1980)

oI
CTi

Phosphorus

Phosphorus

Phosphorus

Vitamin D

Vitamin 0

Llpld

Protein

Rat

Rat

Rat

Rat

Rat

Rat

Rat

transfer of lead 1n
pregnant or lactatlng
rats

Lead uptake 1n tissues

Lead retention

Lead retention

Lead absorption
using everted sac
techniques

Lead absorption
using everted sac
techniques

Lead absorption

Lead uptake by tissues

both In utero and milk
transfer of lead to
sucklings

Reduced phosphorus Increased203Pb uptake 2.7-fold

Low dietary phosphorus
enhances lead retention; no
effect on lead resorptlon
In bone

Low dietary phosphorus
enhances both lead
retention and deposition
In bone

Increasing vitamin D
Increases Intubated
lead absorption

Both low and excess
levels of vitamin D
Increase lead uptake
by affecting motlllty

Increases In llpld (corn
oil) content up to
40% enhance lead
absorption

Both low and high protein
In diet Increase lead
absorption

Barltrop and Khoo (1975)

Quarterman and Morrlson
(1975)

Barton and Conrad (1981)

Smith et al. (1978)

Barton et al. (1980)

Barltrop and Khoo (1975)

Barltrop and Khoo (1975)



TABLE 10-4. (continued)

Factor Species Index of effect Interactive effect Reference

Protein

Protein

Zinc

Zinc

Zinc

Copper

Rat

Rat

Milk components Rat

Milk components Rat

Rat

Rat

Rat

Rat

Body lead retention

Tissue levels of
lead

Lead absorption

Lead absorption

Lead absorption

Lead transfer Jjj
utero and In milk
during lactation

Tissue retention

Lead absorption

Low dietary protein either
reduces or does not affect
retention In various
tissues

Casein In diet Increases
lead uptake compared to
soybean meal

Lactose-hydrolyzed milk
does not Increase lead
absorption, but ordinary
milk does

Lactose In diet enhances
lead absorption compared
to glucose

Low zinc 1n diets
Increases lead absorption

Low- zinc diet of mother
Increases lead transfer
In utero and In maternal

Low zinc diet enhances
brain Pb levels

Low copper In diet
Increases lead
absorption

Quarterman et al. (1978b)

Anders et al. (1982)

Bell and Spkkett (1981)

Bushnell and DeLuca (1981)

Cerklewskl and Forbes
(1976); El-Gazzar et al
(1978)

Cerklewskl (1979)

Bushnell and Levin (1983)

Klauder et al. (1973);
Klauder and Petering (1975)



humans. Thus, the combined action of the two mineral nutrients 1s greater than the SUB of
their individual effects.

Mykkanen and Wassermann (1981) observed that lead uptake in the intestine of the chick
occurs in two phases: a rapid uptake (within 5 min) followed by a rate-limiting slow transfer
of lead Into blood. Conrad and Barton (1978) have observed a similar process In the rat.
Hence, either a saturation process occurs (I.e., carrier-mediated transport) or lead simply
precipitates in the lumen. In the former case, calcium interacts to saturate the carrier pro-
teins as isolated by Barton et al. (1978a) or may precipitate lead 1n the lumen by Initial
formation of calcium phosphate.

Quarter-man et al. (1978a) observed that calcium supplementation of the diet above normal
also resulted in Increased body retention of lead in the rat. Because both deficiency (Barton
et al., 1978a) and excess in calcium intake enhance retention, two sites of influence on
retention are suggested. Goyer (1978) has suggested that body retention of lead in calcium
deficiency, I.e., reduced excretion rate, may result from renal impairment, while Quarterman
et al. (1978a) suggest that excess calcium suppresses calcium resorptlon from bone, hence also
reducing lead release.
10.5.2.2 Interactions of Lead with Iron. Mahaffey-Six and Goyer (1972) reported that Iron-
deficient rats had Increased tissue levels of lead and manifested greater toxicity compared
with control animals. This uptake change was seen with but minor alterations in hematocrit,
indicating a primary change 1n lead absorption over the time of the study. Barton et al.
(1978b) found that dietary restriction of iron, using 210Pb and everted sac preparations 1n
the rat, led to enhanced lead absorption, whereas iron loading suppressed the extent of lead
uptake, using normal Intake levels of iron. This suppression suggests receptor-binding com-
petition at a common site, consistent with the isolation by these workers of two Iron-binding
mucosa fractions. While the iron level of diet affects lead absorption, the effect of changes
in lead content in the gut on Iron absorption 1s not clear. Barton et al. (1978b) and Dobbins
et al. (1978) observed no effect of lead in the gut on iron absorption in the rat, while
Flanagan et al. (1979) reported that lead reduced iron absorption In mice.

In the mouse, Hamilton (1978) found that body retention of 203Pb was unaffected by iron
deficiency, using intraperitoneal administration of the label, while gastric Intubation did
lead to Increased retention. Animals with adequate Iron showed no changes in lead retention
at intubation levels of 0.01 to 10 nM. Cerklewski (1980) observed that lead transfer both jji
utero and in milk to nursing rats was enhanced compared with controls when dams were maintain-
ed from gestation through lactation on low-iron diets.
10.5.2.3 Lead Interactions with Phosphate. The early studies of Shelling (1932), Grant et
al. (1938), and Sobel et al. (1940) documented that dietary phosphate Influenced the extent of
lead toxicity and tissue retention of lead 1n animals. Low levels of phosphate enhanced these
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parameters, while excess Intake retarded the effects. More recently, Barltrop and Khoo (1975)
reported that reduced phosphate Increased the uptake of 203Pb approximately 2.7-fold compared
with controls. Quarterman and Morrison (1975) found that low dietary phosphate enhanced lead
retention 1n rats but had no effect on skeletal lead mobilization, nor was Injected lead label
affected by such restriction. In a related study, Quarterman et al. (1978a) found that dou-
bling the nutrient over normal levels resulted 1n lowering lead absorption by approximately
half. Barton and Conrad (1981) found that reduced dietary phosphorus Increased the retention
of labeled lead and deposition 1n bone, 1n contrast to the results of Quarterman and Morrlson
(1975). Increasing the 1ntralum1nal level of phosphorus reduced lead absorption, possibly by
Increasing 1ntra1um1nal precipitation of lead as the mixed lead/calcium phosphate. Smith et
al. (1978) reported that lead uptake occurs at the same site as phosphate, suggesting that
lead absorption may be more related to phosphate than calcium transport.
10.5.2.4 Interactions of Lead with Vitamin D. Several studies had earlier Indicated that a
positive relationship might exist between dietary vitamin 0 and lead uptake, resulting 1n
either greater manifestations of lead toxidty or a greater extent of lead uptake (Sobel et
al., 1938, 1940). Using the everted sac technique and testing with 210Pb, Smith et al. (1978)
observed that Increasing levels of Intubated vitamin 0 1n the rat resulted in Increased ab-
sorption of the label, with uptake occurring at the distal end of the rat duodenum, the site
of phosphorus uptake and greatest stimulation by the vitamin. Barton et al. (1980) used 210Pb'
to monitor lead absorption in the rat under conditions of normal, deficient, and excess
amounts of dietary vitamin D. Lead absorption 1s Increased with either low or excess vitamin
D. This Increased absorption apparently occurs as a result of Increased retention time of
fecal mass containing the lead due to alteration of Intestinal motillty rather than as a re-
sult of direct enhancement of mucosal uptake rate. Hart and Smith (1981) reported that vita-
min D repletion of diet enhanced lead absorption (210Pb) in the rat, while also enhancing
femur and kidney lead uptake when the label was Injected.
10.5.2.5 Interactions of Lead with Lipids. Barltrop and Khoo (1975) observed that varying
the lipld (corn oil) content of rat diet from 5 up to 40 percent resulted in an Increase of
lead in blood 13.6-fold higher than the normal level. Concomitant increases were observed in
lead levels in kidney, femur, and carcass. Reduction of dietary lipid below the 5 percent
control figure did not affect the lead-absorption rate. As an extension of this earlier work,
Barltrop (1982) has noted that the chemical composition of the lipid is a significant factor
in affecting lead absorption. Study of triglyceHdes of saturated and unsaturated fatty acids
showed that polyunsaturated tr1linole1n Increased lead absorption by 80 percent in rats, when
given as 5- or 10-percent loadings in diet, compared with monounsaturated triolein or any of
the saturates in the series tricaproln to tristearin.
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10.5.2.6 Lead Interaction with Protein. Quarter-man et al. (1978b) have drawn attention to
one of the inherent difficulties of measuring lead-protein interactions, i.e., the effect of
protein on both growth and the toxicokinetic parameters of lead. Der et al. (1974) found that
reduction of dietary protein, from 20 to 4 percent, led to increased uptake of lead in rat
tissues, but the approximately sixfold reduction in body weight over the interval of the study
makes it difficult to draw any firm conclusions. Barltrop and Khoo (1975) found that 203Pb
uptake by rat tissue could be enhanced with either suboptimal or excess levels of protein in
diet. Quarter-man et al. (1978b) reported that retention of labeled lead in rats maintained on
a synthetic diet containing approximately 7 percent protein was either unaffected or reduced
compared with controls, depending on tissues taken for study.

Not only levels of protein but also the type of protein appears to affect tissue lead
levels. Anders et al. (1982) found that rats maintained on either of two synthetic diets
varying only by having casein or soybean meal as the protein source showed significantly
higher lead levels in the casein group.
10.5.2.7 Interactions of Lead with Milk Components. For many years, milk was recommended as
a counteractant for lead poisoning among lead workers (Stephens and Waldron, 1975). More recen
t data, however, pose a mixed picture. Kello and Kostial (1973) found that rats maintained on
milk diets absorbed a greater amount of 203Pb than those fed commercial rat chow. This
phenomenon was ascribed to relatively lower levels of certain nutrients in milk compared with
the rat chow. These observations were confirmed by Bell and Spickett (1981), who also
observed that lactose-hydrolyzed milk was less effective than the ordinary form in promoting
lead absorption, suggesting that lactose may be the enhancing agent. Bushnell and DeLuca
(1981) demonstrated that lactose significantly increased 210Pb absorption and tissue retention

n
by weanling rats when given in high doses by intubation. However, lactose levels close to
usual dietary content actually have an inhibiting effect on lead absorption (Bushnell and
DeLuca, 1983). In human studies, moreover, milk consumption is inversely related to blood
lead levels, suggesting a net protective effect (Johnson and Tenuta, 1979; Brunekreef et al.,
1983).
10.5.2.8 Lead Interactions with Zinc and Copper. The studies of Cerklewski and Forbes (1976)
and El-Gazzar et al. (1978) documented that zinc-deficient diets promote lead absorption in
the rat, while repletion with zinc reduces lead uptake. The interaction continues within the
body, particularly with respect to ALA-0 activity (see Chapter 12, Section 12.3.1.2). In a
study of zinc-lead interactions in female rats during gestation and lactation, Cerklewski
(1979) observed that zinc-deficient diets resulted in more transfer of lead through milk to
the pups as well as reduced litter body weights. Bushnell and Levin (1983) have shown that
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rats fed a low-zinc diet (2.0 ppm) containing lead at levels of 10 or 100 ppm had signi-
ficantly higher retention of lead In brain and calvarium compared to those fed a diet with
20 ppm zinc. Victory and coworkers (1981) evaluated the acute effects of lead on the behavior
of renal and plasma zinc 1n the dog. They found that lead enhanced urinary zinc excretion and
was related to both Increased ultrafAlterable plasma zinc and a change 1n renal tubular zinc
transport.

Klauder et al. (1973) reported that low dietary copper enhanced lead absorption in rats
fed a high-lead diet (5000 ppm). These observations were confirmed by Klauder and Petering
(1975) at a level of 500 ppm lead in diet. The same researchers subsequently observed that
reduced copper enhanced the hematological effects of lead (Klauder and Petering, 1977), and
that both copper and Iron deficiencies must be corrected to restore hemoglobin levels to
normal.

10.6 INTERRELATIONSHIPS OF LEAD EXPOSURE, EXPOSURE INDICATORS, AND TISSUE LEAD BURDENS
Information presented so far in this chapter sets forth the quantitative and qualitative

aspects of lead tox1cok1net1cs, Including the compartnental modeling of lead distribution 1_n
vivo, and leads up to the critical Issue of the various Interrelationships of lead toxlco-
kinetics to lead exposure, toxicant levels in Indicators of such exposure, and exposure-target
tissue burdens of lead.

Chapter 11 (Sections 11.4, 11.5, 11.6) discusses the various experimental and epideal-
ological studies relating the relative impact of various routes of lead exposure on blood lead
levels in human subjects, and Includes a description of mathematical models for such relation-
ships. In these sections, the basic question 1s: what is the mathematical relationship of
lead in air, food, water, etc., to lead in blood? This question 1s descriptive and does not
address the biological basis of the observed relationships. Nor does it consider the Impli-
cations for adverse health risks in the sequence leading from external lead exposure to lead
in some physiological Indicator to lead in target tissues.

For purposes of discussion, this section separately considers (1) the temporal character-
istics of physiological Indicators of lead exposure, (2) the biological aspects of the rela-
tionship of external exposure to Internal Indicators of exposure, and (3) Internal Indicator-
tissue lead relationships, Including both steady-state lead exposure and abrupt changes in
lead exposure. The relationship of internal Indicators of body lead, such as blood lead, to
biological indicators such as EP or ALA-U is discussed in Chapter 13.
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10.6.1 Temporal Characteristics of Internal Indicators of Lead Exposure
The biological half-Hfe for blood lead or the nonretained fraction of body lead is

generally assumed to be rather short, although It 1n fact depends upon the mobile lead body
burden (O'Flaherty etal., 1982; also see Sections 10.3 and 10.4). Nevertheless, a given
blood or urine lead value reflects rather recent exposure compared to tooth or bone lead
values. In cases where lead exposure can be reliably assumed to have occurred at a given
level, a blood lead value 1s more useful than in cases where some intermittent, high level of
exposure may have occurred. The former most often occurs with occupational exposure, while
the latter 1s of particular relevance to young children.

Reports have appeared dealing with the stability of individuals' blood lead levels over
time under conditions of ambient exposure. David et al. (1982) followed 29 children, 4-12
years old, with monthly measurements and found the stability to be of a relatively high order
(Pearson correlation coefficients of 0.7-0.8). Rabinowitz et al. (1984) sampled more than 200
infants semiannually from birth to 2 years of age and found average changes of about 4 ug/dl.
Only 40 percent of these children tended to remain in their previous blood lead category
(quartile). Within this age range, however, there was a trend toward less fluctuation with
increasing age of the young child. Delves et al. (1984) followed 21 adults over 7-11 months
with multiple blood lead measurements and found little fluctuation over time (about 1 pg/dl or
less, on average). Hence, there appears to be increasing stability with relatively constant
exposure as the Individual increases in age.

Accessible mineralizing tissue, such as shed teeth, extend the time frame for assessing
lead exposure from months to years (Section 10.3), since teeth accumulate lead up to the time
of shedding or extraction. Levels of lead 1n teeth increase with age 1n proportion to expo-
sure (Steenhout and Pourtois, 1981). Furthermore, tooth lead levels are correlated with blood
lead levels in humans (Shaplro et al., 1978) and animals (Kaplan et al., 1980). The technique
of Fremlin and Edmonds (1980), employing mlcroautoradiography of irradiated teeth, permits the
identification of dentine zones high in lead content, thus allowing the disclosure of past
periods of abrupt Increases in lead intake. *

While levels of lead in shed teeth are more valuable than blood lead levels in assessing
exposure at more remote time points, such information 1s retrospective 1n nature and would not
be of use in monitoring current exposure. In this case, serial blood lead measurements must
be employed. With the development of methodology for jjj situ measurement of tooth lead 1n
children (described in Chapter 9), serial In situ tooth analysis in tandem with serial blood
lead determination would provide comparative data for determining both time-concordant blood/
tooth lead relationships as well as which measure is the better Indicator of ongoing exposure.
Given the limitations of an Indicator such as blood lead in reflecting lead uptake 1n target
organs, as discussed below, the rate of accumulation of lead 1n teeth measured ^n situ may
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well be a better Index of ongoing tissue lead uptake. This aspect merits further study, espe-
cially since Shaplro et al. (1978) were able to demonstrate the feasibility of using jn situ
tooth lead analysis 1n a large group of children screened for lead exposure.

10.6.2 Biological Aspects of External Exposure/Internal Indicator Relationships
Information provided 1n Chapter 11 as well as the critiques of Haonond et al. (1981) and

Brunekreef (1984) Indicate that the relationship of lead levels 1n air, food, and water to
lead levels 1n blood Is curvilinear, with the result that as "baseline" blood lead rises
(I.e., as one moves up the curve), the relative change in the dependent variable, blood lead,
per unit change of lead 1n some Intake medium (such as air) becomes smaller. Conversely, as
one proceeds down the curve with reduction 1n "baseline" lead, the corresponding change 1n
blood lead becomes larger. One assumption In this "single medium" approach 1s that the base-
line 1s not Integrally related to the level of lead 1n the particular medium being studied.
This assumption 1s not necessarily appropriate for air versus food lead, nor, in the case of
young children, for air lead versus total oral Intake of the element. However, it should be
noted that Hammond et al. (1981) assigned virtually all of the body compartment lead to the
blood, giving blood lead levels in their modeling scheme that were too high. The authors
recognized this and later offered a qualification (Hammond et al., 1982).

Hamnond et al. (1981) have also noted that the shape of the blood lead curves seen in
human subjects is similar to that discernible in certain experimental animal studies with
dogs, rats, and rabbits (Azar et al., 1973; Prp1c~-Maj1c et al., 1973). Similarly, Klmmel et
al. (1980), after exposing adult female rats to lead at four levels in drinking water for 6-7
weeks, found values of blood lead that showed a curvilinear relationship to the dose levels.
Over the dosing range of 5 to 250 ppm In water, the blood lead range was 8.5 to 31 ug/dl. In
a related study (Grant et al., 1980) rats were exposed to lead i_n utero. through weaning, and
up to 9 months of age at the dosing range used in the Klmmel et al. study (0.5 to 250 ppm in
the dams' drinking water until weaning of pups, then the same levels in the weanlings' drink-
Ing water). These animals showed a blood lead range of 5 to 67 ug/dl. One may assume that in
all of the above studies the lead in the various dosing groups was near or at equilibrium
within the various body compartments.

The biological basis of the curvilinear relationship of blood lead to lead Intake, across
a broad range of blood lead values, may result from a number of factors. In lead workers, as
a specific case, increasing workplace air lead level is associated with an increased particle
aggregation rate leading to a lowering of the effective fraction of respirable, submicrometer
particles, as suggested by Chamberlain (1983). In studies with human volunteers, there
appears to be no change in respiratory absorption rate at lung lead burdens up to 450 ug
(Chamberlain et al., 1978). It was noted earlier that oral lead intake up to 400 ug in adults
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1s associated with unaltered absorption rate. However, animal data relevant to this question
Indicate that dietary levels between 10 and 100 ppm lead are associated with a decreased ab-
sorption rate (Bushnell and DeLuca, 1983). If these data were applied directly to humans, a
dally Intake rate of 20-200 rag lead would be required to produce a similar decrease.

The curvilinear blood lead/diet lead relationship may or may not be Independent of GI ab-
sorption rate. The experimental animal studies of Prpid-Majlc et al. (1973) Indicated a cur-
vilinear relationship of blood lead to dose of lead when the toxicant was administered by In-
jection to rabbits. On the other hand, injection of higher doses into rats does show a linear
relationship (Aungst et al., 1981).

The data of DeSilva (1981), Manton and Malloy (1983), and Manton and Cook (1984) all sug-
gest that the increasingly greater fraction of lead in plasma as blood lead increases may be
significant (see Section 10.3.1). This increase of lead in plasma would indicate a relatively
greater movement of lead from plasma to tissues and a higher excretion rate, both of which
serve to modulate the rate of rise of the whole blood lead with increasing circulating lead.
These results are consistent with the report of Chamberlain (1983) showing an apparent in-
creased urinary excretion rate of lead with rising blood lead. They are also in accord with
the observations that tissue lead burdens show a better proportionality to exposure level than
does blood lead burden (see Section 10.3.1). Since an increased movement of plasma lead to
tissues with increasing blood lead burden would also include deposition in bone, the curvilin-
ear relationship of chelatable lead to blood lead may also be Influenced by the plasma/blood
relationship.

10.6.3 Internal Indicator/Tissue Lead Relationships
In living human subjects, to determine tissue lead burdens directly (or relate these

levels to adverse effects associated with target tissue) as a function of lead intake is not
possible. Instead, measurement of lead in an accessible Indicator such as blood, along with
determination of some biological indicator of impairment (e.g., ALA-U or EP), is used.

Evidence continues to accumulate in both the clinical and experimental animal literature
that the use of blood lead as an indicator can have limitations in reflecting both the amounts
of lead in target tissues and the temporal changes in tissue lead with changes in exposure.
Perhaps the best example of the problem is the relationship of blood lead to chelatable lead
(see Section 10.3.3). Currently, measurement of the plumburesis associated with challenge by
a single dose of a chelating agent such as CaNa2EDTA 1s considered the best measure of the mo-
bile, potentially toxic fraction of body lead 1n children and adults (Vitale et al., 1975;
Wedeen et al., 1975; CMsolm et al., 1976; U.S. Centers for Disease Control, 1978; CMsolm and
Barltrop, 1979; Hansen et al., 1981).

10-54



Chlsolm et al. (1976) have documented that the relationship of blood lead to chelatable
lead is curvilinear, such that a given Incremental increase in blood lead is associated with
an increasingly larger increment of moblUzable lead. The problems associated with this cur-
vilinear relationship in exposure assessment are typified by the recent reports of Saenger et
al. (1982) and Piomelli et al. (1984) concerning children and Hansen et al. (1981) concerning
adult lead workers. Saenger et al. (1982) noted that significant percentages of children
having mild to moderate lead exposure, as discernible by blood lead and EP measurements, had
urinary outputs of lead upon challenge with CaNa2EDTA that qualified them for chelation thera-
py under COC guidelines. Similar data were obtained for 210 children evaluated in four medi-
cal centers (Plomelli et al., 1984). In adult workers, Hansen et al. (1981) observed that a
sizable fraction of subjects with only modest elevations in blood lead levels upon EDTA chal-
lenge excreted lead in amounts significantly exceeding the upper end of normal. This discrep-
ancy occurred at blood lead levels of 35 ug/dl and above.

The biological basis for the nonlinearity of the relationship between blood lead and che-
la table lead appears, in major part, to be the existence of a sizable pool of lead in bone
that Is labile to chelation. Evidence pointing to this explanation was summarized 1n Section
10.3.3. The question of how long any lead in this compartment of bone remains labile to che-
lation has been addressed by several investigators in studies of both children and adults.
The question 1s relevant to the issue of the usefulness of EDTA challenge in assessing evi-
dence for past lead exposure.

Chisolm et al. (1976) found that a group (N = 55) of adolescent subjects 12-22 years old,
who had a clinical history of lead poisoning as young children and whose mean blood lead was
22.1 pg/dl at the time of study, yielded chelatable lead values that placed them on the same
regression curve as a second group of young children with current elevations of blood lead.
The results with the adolescent subjects did not provide evidence that they might have had a
past history of lead poisoning. According to the authors, this failure to detect prior expo-
sure suggests that chelatable lead at the time of excessive exposure was not retained in a
pool that remained labile to chelation years later, but underwent subsequent excretion or
transfer to the intrt compartment of bone. One problem with drawing conclusions from this
study is that all of the adolescents apparently had one or more courses of chelation therapy
and were removed to housing where re-exposure would be minimal as part of their clinical
management after lead poisoning was diagnosed. One must assume that chelation therapy removed
a significant portion of the mobile lead burden and that placement in lead-free housing re-
duced the extent of any further exposure. The obvious question 1s how this group of adoles-
cents would compare with subjects who had excessive chronic lead exposure as young children
but who did not require or receive chelation therapy.
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Former lead workers challenged with EDTA show chelatable lead values that are signifi-
cantly above normal years after workplace exposure ceases (e.g., Alesslo et al., 1976;
Prerovska and Teislnger, 1970). In the case of former lead workers, blood lead also remains
elevated, suggesting that the mobile lead pool in bone remains 1n equilibrium with lead 1n
blood.

The closer correspondence of chelatable lead with actual tissue lead burdens, compared to
blood lead, 1s also reflected 1n a better correlation of this parameter with such biological
indicators of Impairment as EP, although this correlation 1s seen only 1n adults. Similarly,
Alessio et al. (1976) found that EP in former lead workers was more significantly correlated
with chelatable lead than with blood lead.

Consideration of both the intake versus blood lead and the blood lead versus chelatable
lead curves leads to the prediction that the level of lead exposure per se is more closely re-
lated to tissue lead burden than is blood lead. This appears to be the case in experimental
animals. Azar et al. (1973) and Grant et al. (1980) reported that levels of lead in brain,
kidney, and femur followed more of a direct proportionality with the level of dosing than with
blood lead. These observations may relate to the fact that plasma lead rises proportionately
faster than whole blood lead.

Finally, there is the question of how adequately an Internal indicator such as blood lead
reflects changes In tissue burden when exposure changes abruptly. In the study of Bjb'rklund
et al. (1981), lead levels in both blood and brain were monitored over a 6-week period in rats
exposed to lead through their drinking water. Blood lead rose rapidly by day 1, during which
time brain lead content was only slightly elevated. After day 1, the rate of increase in
blood lead began to taper off, while brain lead began to rise in a nearly linear fashion up to
the end of the experiment. From day 7 to 21, blood lead Increased from approximately 45 to 55
pg/dl, while brain lead increased approximately twofold.

Abrupt reduction in exposure similarly appears to be associated with a more rapid re-
sponse in blood than in soft tissues, particularly brain. Goldstein and Diamond (1974)
reported that termination of intravenous administration of lead to 30-day-old rats resulted in
a sevenfold drop of lead in blood by day 7. At the same time, brain lead levels did not de-
crease significantly. A similar difference in brain and blood response was reported by
Momcilovlc and Kostial (1974).

In all of the above studies, blood lead was of limited value in reflecting changes in the
brain, which is the significant target organ for lead exposure in children. With abrupt in-
creases in exposure level, the problem concerns a much more rapid approach to steady state in
blood than in brain. Conversely, the biological half-time for lead clearance from blood in
the young rats of both the Goldstein and Diamond (1974) and Momcilovic and Kostial (1974)
studies was much less than it appeared to be for lead movement from brain.
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Despite the limitations in indexing tissue burden and exposure changes, blood lead
remains the one readily accessible measure that can demonstrate in a relative way the rela-
tionship of various effects to increases 1n exposure.

10.7 METABOLISM OF LEAD ALKYLS
The lower alkyl lead compounds used as gasoline additives, tetraethyl lead (TEL) and

tetranethyl lead (TML), are much more neurotoxic on an equivalent dose basis than Inorganic
lead. These agents are emitted in auto exhaust, and their rate of environmental degradation
depends on such factors as sunlight, temperature, and ozone levels. There Is also some con-
cern that organolead compounds may result from biomethylatlon in the environment (see Chapter
6). Finally, a problem arises with the practice among children of sniffing leaded gasoline.
The available information dealing with metabolism of lead alkyls is derived mainly from ex-
perimental animal studies, studies of workers exposed to the agents, and cases of lead alkyl
poisoning.

10.7.1 Absorption of Lead Alkyls in Humans and Animals
The respiratory intake and absorption of TEL and TML in the vapor state was investigated

by Heard et al. (1979), who used human volunteers inhaling 203Pb-labeled TEL and TML. Initial
lung deposition rates were 37 and 51 percent for TEL and TML, respectively. Of these amounts,
40 percent of TEL was lost by exhalation within 48 hr, while the corresponding figure for TML
within 48 hr was 20 percent. The remaining fraction was absorbed. The effect of gasoline
vapor on these parameters was not investigated. In an earlier study Mortensen (1942) reported
that adult rats inhaling TEL labeled with 203Pb (0.07-7.00 mg TEL/1) absorbed 16-23 percent of
the fraction reaching the alveoli. Gasoline vapor had no effect on the absorption rates.

Respiratory absorption of organolead bound to particulate matter has not been specifi-
cally studied as such. According to Harrison and Laxen (1978), neither TEL nor TML adheres to
participate matter to any significant extent, but the toxicologically equivalent trialkyl
derivatives, formed from photolytic dissociation or ozonolysis in the atmosphere, may do so.
10.7.1.1 Gastrointestinal Absorption. Information on the rate of absorption of lead alkyls
through the GI tract is not available in the literature. Given the level of gastric acidity
(pH 1.0) in humans, one would expect TML and TEL to be rapidly converted to the corresponding
trialkyl forms, which are comparatively more stable (Bade and Huber, 1970). Given the simi-
larity of the chemical and biochemical behavior of trialkyl leads to their Group IV analogs,
the trialkyltins, the report of Barnes and Stoner (1958) that triethyltin is quantitatively
absorbed from the GI tract indicates that trlethyl and trimethyl lead would be extensively ab-
sorbed via this route.
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10.7.1.2 Percutaneous Absorption of Lead Alkyls. In contrast to inorganic lead salts, both
TEL and TML are rapidly and extensively absorbed through the skin in rabbits and rats (Kehoe
and Thamann, 1931; Laug and Kunze, 1948), and lethal effects can be rapidly induced in these
animals by merely exposing the skin. Laug and Kunze (1948) observed that systemic uptake of
TEL was still 6.5 percent even after most of the TEL had evaporated from the skin surface.
The rate of passage of TML was somewhat slower than that of TEL in the study of Oavis et al.
(1963). Absorption of either agent was retarded somewhat when applied in gasoline.

10.7.2 Biotransformation and Tissue Distribution of Lead Alkyls
To understand the i£ vivo fate of lead alkyls, one must first discuss the biotransforma-

tion processes of lead alkyls known to occur in mammalian systems. Tetraethyl and tetramethyl
lead both undergo oxidative dealkylation in mammals to the triethyl or trimethyl metabolites,
which are now accepted as the actual toxic forms of these alkyls.

Studies of the biochemical mechanisms for these transformations, as noted by Kiimel et
al. (1977), indicate a dealkylation mediated by a P-450 dependent mono-oxygenase system in
liver microsomes, with intermediate hydroxylation. In addition to rats (Cremer, 1959; Stevens
et al., 1960; Bolanowska, 1968), mice (Hayakawa, 1972), and rabbits (Bolanowska and
Garczyriski, 1968), this transformation also occurs in humans accidentally poisoned with TEL
(Bolanowska et al., 1967) or workers chronically exposed to TEL (Adamiak-Ziemba and
Bolanowska, 1970).

The rate of hepatic oxidative de-ethylation of TEL in mammals appears to be rather rapid;
Cremer (1959) reported a maximum hourly conversion rate of approximately 200 ug TEL/g rat
liver. In comparison with TEL, TML may undergo transformation at either a slower rate (1n
rats) or more rapidly (in mice), according to Cremer and Call away (1961) and Hayakawa (1972).

Other transformation steps involve conversion of trlethyl lead to the diethyl form, the
process appearing to be species-dependent. Bolanowska (1968) did not report the formation of
diethyl lead in rats, while significant amounts of 1t are present in the urine of rabbits
(Aral et al., 1981) and humans (Chlesura, 1970). Inorganic lead is formed in various species
treated with TEL, whether the TEL arises from degradation of the diethyl lead metabolite or
from some other direct process (Bolanowska, 1968). Degradation appears to occur in rats, since
little or no diethyl lead is found, whereas significant amounts of inorganic lead are present.
Formation of inorganic lead with lead alkyl exposure may account for the hematological effects
seen in humans chronically exposed to the lead alkyls (see Chapter 12, Section 12.3), includ-
ing children who inhale leaded gasoline vapor.

Partitioning of triethyl or trimethyl lead, the corresponding neurotoxic metabolites of
TEL and TML, between the erythrocyte and plasma appears to be species-dependent. Byington et
al. (1980) studied the partitioning of trlethyl lead between cells and plasma In vitro using
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washed human and rat erythrocytes and found that human cells had a very low aff ,n1ty for the
alkyl lead while rat cells bound the alkyl lead In the globln moiety at a ratio of three mole-
cules per hemoglobin tetramer. Similarly, Injected tr1ethyl lead was found to be associated
with whole blood levels approximately 10-fold greater than In rat plasma. The available lit-
erature on TEL poisoning In humans concurs; significant plasma lead values have been routinely
reported (Boeckx et al., 1977; Goldlngs and Stewart, 1982). These data Indicate that the rat
1s a poor model for studying the adverse effects of lead alkyls 1n human subjects.

The biological half-life 1n blood for the lead alkyls depends on whether clearance of the
tetraalkyl or trialkyl forms 1s being observed. Heard et al. (1979) found that 203Pb-labeled
TML and TEL Inhaled by human volunteers was rapidly cleared from the blood (by 10 hr), fol-
lowed by a reappearance of lead. The fraction of lead 1n plasma Initially was quite high,
approximately 0.7, suggesting the presence of tetra/tr1alkyl lead. However, the subsequent
rise in blood lead showed all of 1t essentially present in the cell, which would Indicate
Inorganic or possibly d1ethyl lead. Tr1ethyl lead 1n rabbits was more rapidly cleared from
the blood (3-5 days) than was the tHmethyl form (15 days) when administered as such
(Hayakawa, 1972).

Tissue distribution of lead 1n both humans and animals exposed to TEL and TML primarily
Involves the trialkyl metabolites. Levels are highest 1n liver, followed by kidney, then
brain (Bolanowska et al., 1967; Grandjean and Nlelsen, 1979). Nlelsen et al. (1978) observed
measurable amounts of trialkyl lead in samples of brain tissue from subjects with no known oc-
cupational exposure.

The available studies on tissue retention of tr1ethyl or trimethy! lead provide variable
findings. Bolanowska (1968) noted that tissue levels of triethyl lead in rats were almost
constant for 16 days after a single Injection of TEL. Hayakawa (1972) found that the half-
life of triethyl lead 1n brain was 7-8 days for rats. The half-time for trimethyl lead was
much longer. In humans, Yamamura et al. (1975) reported two tissue compartments for triethyl
lead having half-lives of 35 and 100 days (Yamamura et al., 1975).

10.7.3 Excretion of Lead AlkyIs
The renal tract Is the main route of lead excretion in various species exposed to lead

alkyls (Grandjean and Nlelsen, 1979). The chemical forms of lead 1n urine suggest that the
differing amounts of the various forms are species-dependent. Aral et al. (1981) found that
rabbits given TEL parenterally excreted lead primarily in the form of dlethyl lead (69 per-
cent) and inorganic lead (27 percent), triethyl lead accounting for only 4 percent.
Bolanowska and Garczyriskl (1968) found that triethyl lead levels were somewhat higher in the
urine of rats than 1n that of rabbits. In humans, Chiesura (1970) found that tri alkyl lead
was never greater than 9 percent of total lead content 1n workers with heavy TEL exposure.
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Adam1ak-Z1emba and Bolanowska (1970) reported similar data; the fraction of trlethyl lead 1n
the urine was approximately 10 percent of total lead.

The urinary rates of lead excretion 1n human subjects with known levels of TEL exposure
were also reported by Adamiak-Zlemba and Bolanowska (1970). In workers Involved with the
blending and testing of leaded gasoline, workplace air levels of lead (as TEL) ranged froa
0.037 to 0.289 mg/m3 and the corresponding urine lead levels ranged from 14 to 49 ug/1,
of which approximately 10 percent was trlethyl lead.

10.8 SUMMARY
Tox1cokinet1c parameters of lead absorption, distribution, retention, and excretion rela-

ting external environmental lead exposure to various adverse effects have been discussed 1n
this chapter. Also considered were various Influences on these parameters, e.g., nutritional
status, age, and stage of development. A number of specific Issues in lead metabolism by ani-
mals and humans were addressed, including:

1. How does the developing organism from gestation to maturity differ from the adult in
toxicokinetic response to lead Intake?

2. What do these differences in lead metabolism portend for relative risk for adverse
effects?

3. What are the factors that significantly change the toxlcokinetic parameters 1n ways
relevant to assessing health risk?

4. How do the various Interrelationships among body compartments for lead translate to
assessment of Internal exposure and changes in internal exposure?

10.8.1 Lead Absorption In Humans and Animals
The amounts of lead entering the bloodstream via various routes of absorption are Influ-

enced not only by the levels of the element in a given medium but also by various physical and
chemical parameters and specific host factors, such as age and nutritional status.
10.8.1.1 Respiratory Absorption of Lead. The movement of lead from ambient air to the blood-
stream is a two-part process: deposition of some fraction of inhaled air lead in the deeper
part of the respiratory tract and absorption of the deposited fraction. For adult humans, the
deposition rate of particulate airborne lead as likely encountered by the general population
is around 30-50 percent, with these rates being modified by such factors as particle size and
ventilation rates. All of the lead deposited in the lower respiratory tract appears to be ab-
sorbed, so that the overall absorption rate 1s governed by the deposition rate, I.e., approxi-
mately 30-50 percent. Autopsy results showing no lead accumulation in the lung indicate total
absorption of deposited lead.
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All of the available data for lead uptake via the respiratory tract 1n humans have been
obtained with adults. Respiratory uptake of lead 1n children, while not fully quantifiable,
appears to be comparatively greater on a body-weight basis. A second factor Influencing the
relative deposition rate in children is airway dimensions. One report has estimated that the
10-year-old child has a deposition rate 1.6- to 2.7-fold higher than the adult on a weight
basis.

The chemical form of the lead compound Inhaled does not appear to be a major determinant
of the extent of alveolar absorption of lead. While experimental animal data for quantitative
assessment of lead deposition and absorption for the lung and upper respiratory tract are
limited, available information from the rat, rabbit, dog, and nonhuman primate support the
findings that respired lead in humans Is extensively and rapidly absorbed. Over the range of
air lead encountered by the general population, absorption rate does not appear to depend on
air lead level.
10.8.1.2 Gastrointestinal Absorption of Lead. Gastrointestinal (GI) absorption of lead
mainly involves lead uptake from food and beverages as well as lead deposited in the upper
respiratory tract and eventually swallowed. It also includes ingestion of non-food material,
primarily in children via normal mouthing activity and pica. Two Issues of concern with lead
uptake from the gut are the comparative rates of such absorption 1n developing versus adult
organisms, Including humans, and how the relative bloavailability of lead affects such uptake.

By use of metabolic balance and isotopic (radioIsotope or stable Isotope) studies, var-
ious laboratories have provided estimates of lead absorption in the human adult on the order
of 10-15 percent. This rate can be significantly increased under fasting conditions to 45
percent, compared to lead ingested with food. The latter figure also suggests that beverage
lead is absorbed to a greater degree since much beverage ingestion occurs between meals.

The relationship of the chemical/biochemical form of lead in the gut to absorption rate
has been studied, although Interpretation is complicated by the relatively small amounts given
and the presence of various components in food already present in the gut. In general, how-
ever, chemical forms of lead and their incorporation into biological matrices seem to have a
minimal impact on lead absorption In the human gut. Several studies have focused on the ques-
tion of differences in GI absorption rates for lead between children and adults. Such rates
for children are considerably higher than for adults: 10-15 percent for adults versus approx-
imately 50 percent for children. Available data for the absorption of lead from nonfood
items such as dust and dirt on hands are limited, but one study has estimated a figure of 30
percent. For paint chips, a value of about 17 percent has been estimated.

Experimental animal studies show that, like humans, the adult animal absorbs much less
lead from the gut than the developing animal. Adult rats maintained on ordinary rat chow ab-
sorb 1 percent or less of the dietary lead. Various animal species studies make it clear that
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the newborn absorbs a much greater amount of lead than the adult, supporting studies showing
this age dependency in humans. Compared to an absorption rate of about 1 percent in adult
rats, the rat pup has a rate 40-50 times greater. Part, but not most, of the difference can
be ascribed to a difference in dietary composition. In nonhuman primates, infant monkeys ab-
sorb 65-85 percent of lead from the gut, compared to 4 percent for the adults.

The bioavailability of lead in the GI tract as a factor in its absorption has been the
focus of a number of experimental studies. These data show the following: (1) lead in a
number of forms is absorbed about equally, except for lead sulfide; (2) lead in dirt and dust
and in different chemical forms is absorbed at about the same rate as pure lead salts added to
a diet; (3) lead in paint chips undergoes significant uptake from the gut; and (4) in some
cases, physical size of particulate lead can affect the rate of GI absorption. In humans, GI
absorption rate of lead appears to be Independent of quantity in the gut up to a level of at
least 400 M9- In animals, dietary levels between 10 and 100 ppm result in reduced absorption.
10.8.1.3 Percutaneous Absorption of Lead. Absorption of inorganic lead compounds through the
skin is of much less significance than absorption through respiratory and GI routes. In con-
trast, absorption through skin is far more significant than through other routes for the lead
alkyIs (see Section 10.7.1.2). One recent study using human volunteers and 203Pb-labeled lead
acetate showed that under normal conditions, skin absorption of lead alkyls approached 0.06
percent.
10.8.1.4 Transplacental Transfer of Lead. Lead uptake by the human and animal fetus readily
occurs, such transfer going on by the 12th week of gestation in humans, and increasing
throughout fetal development. Cord blood contains significant amounts of lead, correlating
with, but somewhat lower than, maternal blood lead levels. Evidence for such transfer, be-
sides the measured lead content of cord blood, includes feta*l tissue analyses and reduction in
maternal blood lead during pregnancy. There also appears to be a seasonal effect on the
fetus, summer-born children showing a trend to higher blood lead levels than those born in the
spring.

10.8.2 Distribution of Lead in Humans and Animals
In this subsection, the distributional characteristics of lead in various portions of the

body (blood, soft tissue, calcified tissue, and the "chelatable" or potentially toxic body
burden) are discussed as a function of such variables as exposure history and age.
10.8.2.1 Lead In Blood. More than 99 percent of blood lead is associated with the erythro-
cytes in humans under steady-state conditions, but it is the very small fraction transported
in plasma and extracellular fluid that provides lead to the various body organs. Most (*50
percent) erythrocyte lead is bound within the cell, primarily associated with hemoglobin (par-
ticularly HbA2), with approximately 5 percent bound to a 10,000-dalton fraction, 20 percent to
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a heavier molecule, and 25 percent to lower-weight species. Several studies with lead workers
and patients indicate that the fraction of lead in plasna versus whole blood Increases above
•N.50-60 ug/dl blood lead.

Whole blood lead in daily equilibrium with other compartments in adult humans appears to
have a biological half-life of 25-28 days and comprises about 1.9 mg in total lead content,
based on isotope studies. Other data from lead-exposed workers indicate that half-life
depends on mobile lead burden. Human blood lead responds rather quickly to abrupt changes in
exposure. With Increased lead intake, blood lead achieves a new value in approximately 40-60
days, while a decrease in exposure may be associated with variable new blood values, depending
upon the exposure history. This dependence presumably reflects lead resorptlon from bone.
With age, furthermore, a moderate Increase occurs in blood lead during adulthood. Levels of
lead in blood of children tend to show a peak at 2-3 years of age (probably caused by mouthing
activity), followed by a decline. In older children and adults, levels of lead are sex-
related, females showing lower levels than males even at comparable levels of exposure.

In plasma, lead Is virtually all bound to albumin and only trace amounts to high-weight
globulins. Which binding form constitutes an "active" fraction for movement to tissues 1s
impossible to state. The most recent studies of the erythrocyte/plasma relationship in humans
indicate an equilibrium between these blood compartments, such that levels in plasma rise with
levels in whole blood in fixed proportion up to approximately 50-60 ug/dl, whereupon the
relationship becomes curvilinear.
10.8.2.2 Lead Levels in Tissues. Of necessity, various relationships of tissue lead to expo-
sure and toxicity in humans must generally be obtained from autopsy samples. Limitations on
these data include questions of how such samples represent lead behavior in the living popula-
tion, particularly with reference to prolonged illness and disease states. The adequate char-
acterization of exposure for victims of fatal accidents is a problem, as is the fact that such
studies are cross-sectional 1n nature, with different age groups assumed to have had similar
exposure in the past.
10.8.2.2.1 Soft tissues. After age 20 most soft tissues (in contrast to bone) in humans do
not show age-related changes. Kidney cortex shows an increase in lead with age, which may be
associated with the formation of nuclear inclusion bodies. Absence of lead accumulation in
most soft tissues results from a turnover rate for lead similar to that in blood.

Based on several autopsy studies, soft-tissue lead content for individuals not occupa-
tional ly exposed is generally below 0.5 ug/g wet weight, with higher values for aorta and kid-
ney cortex. Brain tissue lead level is generally below 0.2 ug/g wet weight with no change
with increasing age, although the cross-sectional nature of these data would make changes in
low brain lead levels difficult to discern. Autopsy data for both children and adults indl
cate that lead is selectively accumulated 1n the hippocampus, a finding that is also consis-
tent with the regional distribution in experimental animals.
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Comparisons of lead levels 1n soft-tissue autopsy samples from children with results from
adults Indicate that such values are lower 1n Infants than 1n older children, while children
aged 1-16 years had levels comparable to those for adult women. In one study, lead content of
brain regions did not materially differ for Infants and older children compared to adults.
Complicating these data somewhat are changes 1n tissue mass with age, although such changes
are less than for the skeletal system.

Subcellular distribution of lead 1n soft tissue Is not uniform. High amounts of lead are
sequestered 1n the mitochondria and nucleus of the cell. Nuclear accumulation 1s consistent
with the existence of lead-containing nuclear Inclusions 1n various species, and a large body
of data demonstrate the sensitivity of Mitochondria to Injury by lead.
10.8.2.2.2 Mineralizing tissue. Lead becomes localized and accumulates 1n human calcified
tissues, i.e., bones and teeth. This accumulation in humans begins with fetal development and
continues to approximately 60 years of age. The extent of lead accumulation in bone ranges up
to 200 mg in men ages 60-70 years, while 1n women lower values have been measured. Based upon
various studies, approximately 95 percent of total body lead 1s lodged in the bones of human
adults, with uptake distributed over trabecular and compact bone. In the human adult, bone
lead 1s both the most Inert and the largest body pool, and accumulation can serve to maintain
elevated blood lead levels years after exposure, particularly occupational exposure, has
ended.

By comparison to human adults, only 73 percent of body lead 1s lodged in the bones of
children, which is consistent with other Information that the skeletal system of children is
more metabollcally active than that of adults. Furthermore, bone tissue in children 1s less
dense than in adults. While the increase in bone lead level across childhood is modest, about
twofold if expressed as concentration, the total accumulation rate 1s actually 80-fold,
taking Into account a 40-fold Increase In skeletal mass. To the extent that some significant
fraction of total bone lead 1n children and adults is relatively labile, 1n terms of health
risk for the whole organism it 1s more appropriate to consider the total accumulation rather
than just changes in concentration. ,

The traditional view that the skeletal system was a "total" sink for body lead (and by
implication a biological safety feature to permit significant exposure in industrialized popu-
lations) never did agree with even older information on bone physiology, e.g., bone remodel-
ing. This view 1s now giving way to the Idea that there are at least several bone compart-
ments for lead, with different mobility profiles. Bone lead, then, may be more of an insid-
ious source of long-term internal exposure than a sink for the element. This aspect of the
issue is summarized more fully 1n the next section. Available information from studies of
uranium miners and human volunteers who ingested stable isotopes indicates that there is a
relatively inert bone compartment for lead, having a half-life of several decades, as well as
a rather labile compartment that permits an equilibrium between bone and tissue lead.
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Tooth lead also Increases with age at a rate proportional to exposure and roughly propor-
tional to blood lead 1n humans and experimental animals. Dentine lead 1s perhaps the most re-
sponsive component of teeth to lead exposure since 1t 1s laid down from the tine of eruption
until shedding. This characteristic underlies the usefulness of dentine lead levels 1n asses-
sing long-term exposure.
10.8.2.2.3 Chelatable lead. Mobile lead 1n organs and systems Is potentially more active
lexicologically 1n terns of being available to biological sites of action. Hence, this frac-
tion of total body lead burden 1s a nore significant predictor of Imminent toxldty. In real-
ity, direct measurement of such a fraction in human subjects would not be possible. In this
regard, chelatable lead, measured as the extent of plumburesis in response to administration
of a chelatlng agent, specifically CaNa2EDTA, 1s now viewed as the most useful probe of undue
body burden 1n children and adults.

A quantitative description of the Inputs to the body lead fraction that 1s chelant-mobl-
Hzable is difficult to define fully, but it most likely Includes a labile lead compartment
within bone as well as within soft tissues. Support for this view Includes the following:
(1) the age-dependency of chelatable lead, but not lead in blood or soft tissues; (2) evidence
of removal of bone lead 1n chelatlon studies with experimental animals; (3) i_n vitro studies
of lead mobilization in bone organ explants under closely defined conditions; (4) tracer-
modeling estimates 1n human subjects; and (5) the complex nonlinear relationship of blood lead
and lead Intake through various media. Data for children and adults showing a logarithmic
relationship of chelatable lead to blood lead and the phenomenon of "rebound" in blood lead
elevation after chelatlon therapy regimens (without obvious external re-exposure) offer
further support.
10.8.2.2.4 Animal studies. Animal studies have helped to sort out some of the relationships
of lead exposure to jn vivo distribution of the element, particularly the Impact of skeletal
lead on whole body retention. In rats, lead administration results in an Initial Increase of
lead levels in soft tissues, followed by loss of lead from soft tissue via excretion and
transfer to bone. Lead distribution appears to be relatively Independent of dose. Other
studies have shown that lead loss from organs follows first-order kinetics except for loss
from bone, and that the skeletal system in rats and mice is the klnetlcally rate-limiting step
in whole-body lead clearance.

The neonatal animal seems to retain proportionally higher levels of tissue lead compared
to the adult and manifests slow decay of brain lead levels while showing a significant decline
over time 1n other tissues. This decay appears to result from enhanced lead entry to the
brain because of a poorly developed brain barrier system as well as from enhanced body reten-
tion of lead by young animals.
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The effects of such changes as metabolic stress and nutritional status on body redistri-
bution of lead have been noted. Lactatlng nice, for example, are known to demonstrate tissue
redistribution of lead, specifically bone-lead resorptlon with subsequent transfer of both
lead and calcium from mother to pups.

10.8.3 Lead Excretion and Retention In Hunans and Animals
10.3.3.1 Human Studies. Dietary lead 1n hunans and animals that 1s not absorbed passes
through the GI tract and 1s eliminated with feces, as 1s the fraction of air lead that 1s
swallowed and not absorbed. Lead entering the bloodstream and not retained 1s excreted
through the renal and GI tracts, the latter via biliary clearance. The amounts excreted
through these routes are a function of such factors as species, age, and exposure charac-
teristics.

Based upon the human metabolic balance data and Isotope excretion findings of various in-
vestigators, short-term lead excretion in adult humans amounts to 50-60 percent of the ab-
sorbed fraction, with the balance moving primarily to bone and some fraction (approximately
half) of this stored amount eventually being excreted. This estimated overall retention
figure of 25 percent necessarily assumes that isotope clearance reflects that for body lead in
all compartments. The rapidly excreted fraction has a biological half-life of 20-25 days,
similar to that for lead removal from blood, based on Isotope data. This similarity indicates
a steady rate of lead clearance from the body. In terms of partitioning of excreted lead
between urine and bile, one study indicates that the biliary clearance is about 50 percent
that of renal clearance.

Lead accumulates in the human body with age, mainly 1n bone, up to around 60 years of
age, when a decrease occurs with changes in intake as well "as in bone mineral metabolism. As
noted earlier, the total amount of lead in long-term retention can approach 200 mg, and even
much higher in the case of occupational exposure. This rate corresponds to a lifetime average
retention rate of 9-10 ug Pb/day. Within shorter time frames, however, retention will vary
considerably because of such factors as development, disruption in the individuals' equilib-
rium with lead Intake, and the onset of such states as osteoporosis.

The age-dependency of lead retention/excretion 1n humans has not been well studied, but
most of the available information indicates that children, particularly Infants, retain a sig-
nificantly higher amount of lead than adults. While autopsy data indicate that pediatric sub-
jects at isolated points 1n time actually have a lower fraction of body lead lodged in bone,
which probably relates to the less dense bones of children as well as high bone mineral turn-
over, a full understanding of longer-term retention over childhood must consider the exponen-
tial growth rate occurring 1n children's skeletal systems over the time period for which bone
lead concentrations have been gathered. This parameter itself represents a 40-fold mass
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Increase. This significant skeletal growth rate has an Impact on an obvious question: 1f
children take 1n more lead on a body-weight basis than adults, absorb and retain more lead
than adults, and show only modest elevations 1n blood lead conpared to adults in the face of a
more active skeletal system, where does the lead go? A second factor Is the assumption that
blood lead 1n children relates to body lead burden 1n the sane quantitative fashion as In
adults, an assumption that remains to be proven adequately.
10.8.3.2 Animal Studies. In rats and other experimental animals, both urinary and fecal ex-
cretion appear to be Important routes of lead removal from the organism. The relative parti-
tioning between the two modes 1s species- and dose-dependent. With regard to species differ-
ences, biliary clearance of lead 1n the dog 1s but 2 percent of that for the rat, while such
excretion 1n the rabbit 1s 50 percent that of the rat.

Lead movement from laboratory animals to their offspring via milk constituents 1s a route
of excretion for the mother as well as a route of exposure for the young. Comparative studies
of lead retention in developing versus adult animals such as rats, mice, and nonhuman primates
make it clear that retention 1s significantly greater in the young animal. These observations
support those studies showing greater lead retention 1n children. Some recent data Indicate
that a differential retention of lead in young rats persists Into the post-weaning period,
calculated as either uniform dosing or uniform exposure.

10.8.4 Interactions of Lead with Essential Metals and Other Factors
Toxic elements such as lead are affected 1n their toxlcokinetic or toxicological behavior

by interactions with a variety of biochemical factors, particularly nutrients.
10.8.4.1 Human Studies. In humans, the interactive behavior of lead and various nutritional
factors is expressed most significantly in young children, with such Interactions occurring
against a backdrop of rather widespread deficiencies in a number of nutritional components.
Various surveys have indicated that Iron, calcium, zinc, and vitamin deficiencies are wide-
spread among the pediatric population, particularly the poor. A number of reports have docu-
mented the association of lead absorption with suboptimal nutritional states for iron and cal-
cium, reduced intake being associated with Increased lead absorption.
10.8.4.2 Animal Studies. Reports of lead-nutrient interactions 1n experimental animals have
generally described such relationships for a single nutrient, using relative absorption or
tissue retention in the animal to Index the effect. Most of the recent data are for calcium,
iron, phosphorus, and vitamin 0. Many studies have established that diminished dietary calci-
um is associated with increased blood and soft-tissue lead content in such diverse species as
the rat, pig, horse, sheep, and domestic fowl. The increased body burden of lead arises from
both increased GI absorption and Increased retention, Indicating that the lead-calcium inter-
action operates at both the gut wall and within body compartments. Lead appears to traverse
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the gut via both passive and active transfer. It Involves transport proteins normally operat-
ing for calcium transport, but 1s taken up at the site of phosphorus, not calcium, absorption.

Iron deficiency 1s associated with an Increase of lead 1n tissues and Increased toxldty,
effects that are expressed at the level of lead uptake by the gut wall, In vitro studies
Indicate an Interaction through receptor-binding competition at a common site, which probably
involves Iron-binding proteins. Similarly, dietary phosphate deficiency enhances the extent
of lead retention and toxldty via Increased uptake of lead at the gut wall, both lead and
phosphate being absorbed at the same site 1n the small Intestine. Results of various studies
of the resorptlon of phosphate along with lead have not been able to identify conclusively a
mechanism for the elevation of tissue lead. Since calcium plus phosphate retards lead absorp-
tion to a greater degree than simply the SUBS of the Interactions, an insoluble complex of all
these elements may be the basis of this retardation.

Unlike the Inverse relationship existing for calcium, iron, and phosphate versus lead up-
take, vitamin D levels appear directly related to the rate of lead absorption from the GI
tract, since the vitamin stimulates the same region of the duodenum where lead is absorbed. A
number of other nutrient factors are known to have an Interactive relationship with lead:

1. Increases in dietary lipids Increase the extent of lead absorption, with the extent
of the Increase being highest with polyunsaturates and lowest with saturated fats,
e.g., trlstearln.

2. The Interactive relationship of lead and dietary protein 1s not clear cut, and
either suboptimal or excess protein Intake will increase lead absorption.

3. Certain milk components, particularly lactose, greatly enhance lead absorption In
the nursing animal.

4. Zinc deficiency promotes lead absorption, as does reduced dietary copper.

Taken collectively, human and animal data dealing with the Interaction of lead and nutri-
ents indicate that there are heterogeneous subsets of the human population. In terms of ped-
atric population risk for lead exposure, children having multiple nutrient deficiencies are in
the highest exposure risk category.

10.8.5 Interrelationships of Lead Exposure with Exposure Indicators and Tissue Lead Burdens
Three issues involving lead tox1cok1net1cs evolve toward a full connection between lead

exposure and its adverse effects: (1) the temporal characteristics of Internal indices of
lead exposure; (2) the biological aspects of the relationship of lead 1n various media to
various indicators in Internal exposure; and (3) the relationship of various internal indica-
tors of exposure to target tissue lead burdens.
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10.8.5.1 Temporal Characteristics of Internal Indicators of Lead Exposure The biological
half-life for newly absorbed lead In blood may be as short as weeks, or several months. Or, It
may be longer, depending on the mobile lead burden 1n the body. Compared to mineral tissues,
this medium reflects relatively recent exposure. If recent exposure 1s fairly representative
of exposure over a considerable period of time, e.g., exposure of lead workers, then blood
lead is more useful than for cases where exposure 1s Intermittent or different across time, as
1n the case of lead exposure of children. Accessible mineralized tissue, such as shed teeth,
extend the time frame back to years of exposure, since teeth accumulate lead with age and as a
function of the extent of exposure. Such measurements are, however, retrospective in nature,
in that Identification of excessive exposure occurs after the fact and thus limits the possi-
bility of timely medical intervention, exposure abatement, or regulatory policy concerned with
ongoing control strategies.

Perhaps the most practical solution to the dilemma posed by both tooth and blood lead
analyses is j_n situ measurement of lead In teeth or bone during the time when active accumu-
lation occurs, e.g., 2- to 3-year-old children. Available data using X-ray fluorescence anal-
ysis do suggest that such approaches are feasible and can be reconciled with such Issues as
acceptable radiation hazard risk to subjects.
10.8.5.2 Biological Aspects of External Exposure/Internal Indicator Relationships. The
literature indicates clearly that the relationship of lead 1n relevant media for human expo-
sure to blood lead is curvilinear when viewed over a relatively broad range of blood lead
values. This curvilinearity implies that the unit change in blood lead per unit intake of
lead in some medium varies across this range of exposure, with comparatively smaller blood
lead changes occurring as internal exposure Increases.

Given our present knowledge, such a relationship cannot be taken to mean that body uptake
of lead is proportionately lower at higher exposure, because it may simply mean that blood
lead becomes an increasingly unreliable measure of target-tissue lead burden with increasing
exposure. While th« basis of the curvilinear relationship remains to be identified, available
animal data suggest that it may be related to the increasing fraction of blood lead in plasma
as blood lead Increases above approximately 50-60 pg/dl.
10.8.5.3 Internal Indicator/Tissue Lead Relationships. In living human subjects, direct de-
termination of tissue lead burdens or how these relate to adverse effects 1n target tissues 1s
not possible. Some accessible indicator (e.g., lead in a medium such as blood or a biochem-
ical surrogate of lead such as erythrocyte protoporphyrin), must be employed. While blood
lead still remains the only practical measure of excessive lead exposure and health risk, evi-
dence continues to accumulate that such an index has some limitations in either reflecting
tissue lead burdens or changes In such tissues with changes in exposure.
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At present, the measurement of plumburesis associated with challenge by a single dose of
a Iead-chelat1ng agent such as CaNa2EDTA 1s considered the best Indicator of the mobile,
potentially toxic fraction of body lead. Chelatable lead 1s logarithmically related to blood
lead, such that an Incremental Increase 1n blood lead 1s associated with an Increasingly
larger Increment of mob111zable lead. The problems associated with this logarithmic relation-
ship may be seen 1n studies of children and lead workers 1n whom moderate elevation 1n blood
lead levels can disguise levels of mobile body lead. In one recent multi-Institution study of
210 children, for example, 12 percent of children with blood lead 30-39 ug/dl, and 38 percent
with levels of 40-49 ug/dl, had a positive EDTA-challenge response and required further eval-
uation or treatment. At blood lead levels such as these, the margin of protection against
severe Intoxication 1s reduced. The biological basis of the logarithmic chelatable lead/
blood lead relationship rests, 1n large measure, with the existence of a sizeable bone lead
compartment that 1s mobile enough to undergo chelatlon removal and, hence, potentially mobile
enough to move Into target tissues.

Studies of the relative mobility of chelatable lead over time Indicate that, in former
lead workers, removal from exposure leads to a protracted washing out of lead (from bone re-
sorptlon of lead) to blood and tissues, with preservation of a bone burden amenable to
subsequent chelatlon. Studies with children are Inconclusive, since the one Investigation
directed to this end employed pedlatrlc subjects who all underwent chelatlon therapy during
periods of severe lead poisoning. Animal studies demonstrate that changes In blood lead with
Increasing exposure do not agree with tissue uptake 1n a time-concordant fashion, nor does de-
crease in blood lead with reduced exposure signal a similar decrease 1n target tissue, parti-
cularly in the brain of the developing organism.

•»

10.8.6 Metabolism of Lead AlkyIs
The lower alkyl lead components used as gasoline additives, tetraethyl lead (TEL) and

tetramethyl lead (TML), may themselves poise a toxic risk to humans. In particular, there 1s
among children a problem of sniffing leaded gasoline.
10.8.6.1 Absorption of Lead AlkyIs 1n Humans and Animals. Human volunteers Inhaling labeled
TEL and TML show lung deposition rates for the lead alkyls of 37 and 51 percent, respectively,
values which are similar to those for partlculate Inorganic lead. Significant portions of
these deposited amounts were eventually absorbed. Respiratory absorption of organolead bound
to partlculate matter has not been specifically studied as such.

While specific data for the GI absorption of lead alkyls 1n humans and animals are not
available, their close similarity to organotln compounds, which are quantitatively absorbed,
would argue for extensive GI absorption. In contrast to Inorganic lead salts, the lower lead
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alkyIs are extensively absorbed through the skin and animal data show lethal effects with per-
cutaneous uptake as the sole route of exposure.
10.8.6.2 Biotransformation and Tissue Distribution of Lead Alkyls. The lower lead alkyls TEL
and THL undergo monodealkylation in the liver of mammalian species via the P-450-dependent
mono-oxygenase enzyme system. Such transformation is very rapid. Further transformation
involves conversion to the dialkyl and inorganic lead forms, the latter accounting for the
effects on heme biosynthesis and erythropoiesis observed in alkyl lead intoxication. Alkyl
lead is rapidly cleared from blood and shows a higher partitioning into plasma than inorganic
lead, with triethyl lead clearance being more rapid than that of the methyl analog.

Tissue distribution of alkyl lead in humans and animals primarily involves the trialkyl
metabolites. Levels are highest in liver, followed by kidney, then brain. Of interest is the
fact that there are detectable amounts of trialkyl lead from autopsy samples of human brain
even in the absence of occupational exposure. In humans, there appear to be two tissue com-
partments for triethyl lead, having half-times of 35 and 100 days.
10.8.6.3 Excretion of Lead Alkyls. With alkyl lead exposure, excretion of lead through the
renal tract is the main route of elimination. The chemical forms being excreted appear to be
species-dependent. In humans, trialkyl lead in workers chronically exposed to alkyl lead is a
minor component of urine lead, approximately 9 percent.
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11. ASSESSMENT OF LEAD EXPOSURES AND ABSORPTION IN HUMAN POPULATIONS

11.1 INTRODUCTION
This chapter describes effects on internal body burdens of lead in human populations

resulting from exposure to lead in their environment. Particular attention is paid to changes
in indices of internal lead exposure that follow changes in external lead exposures. Blood
lead is the main index of internal lead exposure discussed here, although other indices, such
as levels of lead in teeth and bone, are also briefly discussed.

The following terms and definitions are used in this chapter. Sources of lead are those
components of the environment (e.g., gasoline combustion, smelters) from which significant
quantities of lead are released into various environmental media of exposure. Environmental
media are routes by which humans become exposed to lead (e.g., air, soil, food, water, dust).
External exposures are levels at which lead is present in any or all of the environmental
media. Internal exposures are amounts of lead present in various body tissues and fluids.

The present chapter is structured to achieve the following four main objectives:

(1) Elucidation of patterns of internal lead exposures in U.S. populations and
identification of important demographic covariates.

(2) Characterization of relationships between external and internal exposures to
lead by exposure medium (air, food, water or dust).

(3) Identification of specific sources of lead which result in increased internal
exposure levels.

(4) Estimation of the relative contributions of various sources of lead in the
environment to total internal 'exposure as indexed by blood lead level.

The existing scientific literature must be examined in light of the investigators' own
objectives and the quality of the scientific investigations performed. Although all studies
need to be evaluated in regard to their methodology^the more quantitative studies are evalu-
ated here in greater depth. A discussion of the main types of methodological points con-
sidered in such evaluations is presented in Section 11.2.

Patterns of internal exposure to lead in human populations are discussed in Section 11.3.
This begins with a brief examination of the historical record of internal lead exposure in
human populations. These data serve as a backdrop against which recent U.S. levels can be
contrasted and define the relative magnitude of external lead exposures in the past and
present. The contrast is structured as follows: historical data, recent data from popula-
tions thought to be isolated from urbanized cultures, and then U.S. populations showing
various degrees of urbanization and industrialization.
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The statistical treatment of distributions of blood lead levels in human populations is
the next topic discussed. As part of that discussion, the empirical characteristics of blood
lead distributions in well-defined homogeneous populations are denoted. Important issues
addressed include the proper choice of estimators of central tendency and dispersion, estima-
tors of percentile values and the potential influence of errors in measurement on statistical
estimation involving blood lead data.

Then recent patterns of internal exposure in U.S. and other populations showing change in
blood lead levels are discussed in detail. Estimates of internal lead exposure and identifi-
cation of demographic covariates are made. Studies examining the recent past for evidence of
change in internal exposure levels are presented. Next is an examination of extensive evi-
dence which points towards gasoline lead being an important determinant of changes in blood
lead level associated with exposures to airborne lead of populations in the United States and
elsewhere.

Section 11.4 focuses on general relationships between external exposures and levels of
internal exposure. The distribution of lead in man is diagramatically depicted by the compo-
nent model shown in Figure 11-1. Of particular importance for this document is the relation-
ship between lead in air and lead in blood. If lead in air were the only medium of exposure,
then the interpretation of a statistical relationship between lead in air and lead in blood
would be relatively simple. However, this is not the case. Lead is present in a number of
environmental media, as described in Chapter 7 and summarized in Figure 11-1. There are rela-
tionships between lead levels in air and lead concentrations in food, soil, dust, and water.
As shown in Chapters 6, 7, and 8, lead emitted into the atmosphere ultimately comes back to
contaminate the earth. However, only limited data are currently available that provide a
quantitative estimate of the magnitude of this secondary lead exposure. The implication is
that an analysis involving estimated lead levels in all environmental media may tend to under-
estimate the relationship between lead in blood and lead in air.

The discussion of relationships between external exposure and internal absorption com-
mences with air lead exposures. Both experimental and epidemic logical studies are discussed.
Several studies are Identified as being of greatest importance in determining the quantitative
relationship between lead in blood and lead in air. The form of the relationship between
blood lead and air lead is of particular interest and importance. After discussion of air
lead versus blood lead relationships, the chapter next discusses the relationship of blood
lead to atmospheric lead found in other environmental media. Section 11.5 describes studies
of specific lead exposure situations useful in identifying specific environmental sources of
lead f.hat contribute to elevated body burdens of lead. The chapter concludes with a summary
of key information and conclusions derived from the scientific evidence reviewed.
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Figure 11-1. Pathways of lead from the environment to and within man.
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11.2 METHODOLOGICAL CONSIDERATIONS
11.2.1 Analytical Problems

Internal lead exposure levels in human populations have been estimated by analyses of a
variety of biological tissue matrices (e.g., blood, teeth, bone, and hair). Lead levels in
each of these matrices have particular biological meanings with regard to external exposure
status; these relationships are discussed in Chapter 10. The principal internal exposure
index discussed in this chapter is blood lead concentration. Blood lead concentrations are
most reflective of recent exposure to lead and bear a consistent relationship to levels of
lead in the external environment if the latter have been stable. Blood lead levels are vari-
ously reported as ug/100 g, ug/100 ml, ug/dl, ppra, ppb, and umol/1. The first four measures

"oughly equivalent, whereas ppb values are simply divisible by 1000 to be equivalent.
ally there is a small, but not meaningful, difference in blood lead levels reported on a

per volume versus per weight difference. The difference results from the density of blood
being slightly greater than 1 g/ml. For the purposes of this chapter, data reported on a
weight or volume basis are considered equal. On the other hand, blood lead data reported on a
umol/1 basis must be multiplied by 20.72 to get the equivalent ug/dl value. Data reported
originally as umol/1 in studies reviewed here are converted to ug/dl in this chapter.

As discussed in Chapter 9, the measurement of lead in blood has been accomplished via a
succession of analytical procedures over the years. The first reliable analytical methods
available were wet chemistry procedures, succeeded by increasingly automated instrumental
procedures. With these changes in technology there has been increasing recognition of the
importance of controlling for contamination in the sampling and analytical procedures. These
advances, as well as institution of external quality control programs, have resulted in
markedly improved analytical results. Data summarized in Chapter 9 show that a generalized
improvement in analytical results across many laboratories occurred during Federal Fiscal
Years 1977-1979. No further marked improvement was seen during Federal Fiscal Years
1979-1981.

Because of interest in being able to attribute specific proportions of blood lead as
coming from specific environmental sources, isotopic lead determinations in blood have become
an important analytic technique. As difficult as it is to determine blood lead levels accu-
rately, the achievement of accurate lead isotopic determinations is even more difficult.
Experience gained from the isotopic lead experiment (ILE) in Italy (reviewed in detail in
Section 11.3.6.2.1) has indicated that extremely aggressive quality control and contamination
contro1 programs must be implemented to achieve acceptable results. With proper procedures,
meaningful differences on the order of a single nanogram are achievable.
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11.2.2 Statistical Approaches
Many studies have summarized the distribution of lead levels in humans. These studies

usually report measures of central tendency (means) and dispersion (variances). In this chap-
ter, the term "mean" refers to the arithmetic mean unless stated otherwise. This measure is
always an estimate of the average value, but it estimates the center of the distribution (50th
percentile) only for symmetric distributions. Many authors provide geometric means, which
estimate the center of the distribution if the distribution is lognormal. Geometric means are
influenced less by unusually large values than are arithmetic means. A complete discussion of
the lognormal distribution is given by Aitchison and Brown (1966), including formulas for con-
verting from arithmetic to geometric means.

Most studies also give sample variances or standard deviations in addition to the means.
If geometric means are given, then the corresponding measure of dispersion is the geometric
standard deviation. Aitchison and Brown (1966) give formulas for the geometric standard devi-
ation and, also, explain how to estimate percentiles and construct confidence intervals. All
of the measures of dispersion actually include three sources of variation: population varia-
tion, measurement variation, and variation due to sampling error. Values for these components
are needed in order to evaluate a study correctly. There are also sources of variation
related to the inclusion of predictive variables in the model, or their exclusion. Such vari-
ables include different lead uptakes attributable to exposure to lead in dust, soil, food,
water, paint in deteriorated housing, and other pathways. If included in the model, the
remaining sources of variation are due to unmeasured differences in intrinsic metabolism and
behavior. It has been the general goal in this chapter to include all attributable sources of
variation, thus reducing the estimates of variability to biological differences, uncertainties
in exposure, and measurement variations that cannot be further attributed. We recognize that
if only air lead exposure is controlled, then there will be additional variation in blood lead
response due to imperfectly controlled covariation of lead exposure from related pathways.
This additional variation can be dealt with in practice by use of a larger geometric standard
deviation. *

A separate issue is the form of the distribution of blood lead values. Although the nor-
mal and lognormal distributions are commonly used, there are many other possible distribu-
tions. The form is important for two reasons: 1) it determines which is more appropriate,
the arithmetic or geometric mean, and 2) it determines estimates of the fraction of a popula-
tion exceeding given internal lead levels under various external exposures- Both of these
questions arise in the discussion of the distribution of human blood lead levels and are of
importance, ultimately, for deriving a rationale for standard-setting purposes.
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11.2.3 Confounding of Relevant Variables
Failure to include relevant variables is the most serious difficulty in evaluating stud-

ies on lead in human populations. This usually occurs when the blood lead response is wholly
attributed to some observed variable, e.g., the lead concentration in air, dust, or water.
Typical confounders for air lead include the following: (1) inhalation exposures not captured
by stationary air lead monitors, particularly those that occur from personal exposure to
leaded gasoline or its combustion products; (2) noninhalation exposures to air lead not cap-
tured by stationary monitors, e.g., ingestion of food products contaminated by lead fallout,
leaded dust, and soil; (3) ingestion of lead in water and food that is inadvertantly associ-
ated with air lead exposure. Socioeconomic factors may be important here also. See
Brunekreef (1984) and Snee (1982b,c) for additional comments.

Air lead concentrations are typically highest in urban centers where the concentration of
motor vehicles is greatest. (Communities with lead smelters are an exception). Suburban and
rural areas have much lower air lead concentrations. However, suburban and rural residents
may spend more time in motor vehicles due to longer trips to work, school, and shopping.
There is some reason to believe that higher lead concentrations may be found near and inside
automobiles (see Spengler et al., (1984), Section 11.3.6.2.1), thus offsetting the decreased
ambient air lead concentrations measured by stationary monitors in non-urban areas. Un-
fortunately, there is no way at this time to separate the response to average ambient air lead
levels from variations in personal lead exposure patterns.

Children are known to ingest quantities of dust and soil by normal hand-mouth contact. In
studies in which dust lead concentrations or hand lead quantities are measured, their contri-
bution is very large — usually much larger than the lead intake by direct inhalation. In
smelter communities all of these variables — ambient air lead, dust lead, soil lead, and lead
on children's hands — are likely to be high. It may then be difficult to separate the contri-
butions of each of these components, and if any one is not measured, then its influence on
blood lead may be attributed to the other variables. This may cause little difficulty when in
fact there is a single source for all exposure pathways, but positive confounding may cause
difficulty in extrapolating the relationship to situations in which air and dust lead are less
strongly coupled. Similarly, the particle size distribution may change with distance from the
source (smelter, highway, etc.) and particle size is known to affect the fraction of lead ab-
sorbed by the lungs. However, air and dust lead concentrations also decrease with distance
from the source, thus leading to potential confounding of concentration and size effects.
This may be a factor in some smelter studies, e.g., the Silver Valley, Idaho, study discussed
later.
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Socioeconomic status (SES), sex, age, and race are also confounded with air lead. Lower
SES populations tend to be found in areas with high air lead concentration such as urban cen-
ters and smelter communities. There may also be systematic SES differences in use of lead-
soldered food and beverage cans and in exposure to food products with high lead content and in
personal and household cleanliness, as well. The latter is important because dust control can
substantially reduce blood lead burdens in children (Charney et al., 1983). Lower SES is also
associated with older housing stocks and increasing risk of encountering lead paint in poor
condition and lead pipes in water systems. Lower SES is also more likely to be associated
with inadequate dietary calcium, iron, and vitamins, all of which increase lead absorption and
the likely toxic effects of any given level of lead exposure. In addition, lower SES is also
more likely to imply reduced awareness of lead hazards and reduced resources for dealing with
such hazards. Other factors, such as the presence of pets in a household and the amount of
time spent playing outside, are not obviously related to SES.

Males have higher blood lead levels than females, at least beyond ages 10-11. The most
plausible explanations suggest differential exposure, with older boys and men typically spend-
ing more time in contact with motor vehicles, in jobs with potential lead exposure, and more
often outdoors. The risk factors have not been fully identified. Black children also often
have higher blood leads than do white children, even after adjusting for SES and other covar-
iates; the reason for this difference has also not been clarified, but may be related to posi-
tive confounding factors.

For modelling purposes, the appropriate geometric standard deviation removes a portion of
the total variation in blood lead due to differences in air lead exposure without removing the
variance due to these other factors. Controlling for race, urbanization, age, income, and•*
location may overcontrol in this case, since it may remove variance due to environmental expo-
sure factors that will remain after air lead is controlled to any given level. It may thus be
prudent and conservative to compensate for this overcontrol by increasing the geometric stan-
dard deviation when only air lead is used as a predictor variable.

All of the above factors make it difficult to analyze adequately such a highly confounded
environmental exposure variable as air lead. However, there appear to be enough studies in
which several of the possible confounding factors were also measured that it is possible to
obtain reasonable estimates of blood lead changes in response to differences in concentrations
of lead in air, dust, soil, water, and diet, seasonal variations, and personal risk factors
such as household quality, occupational exposure, and motor vehicle exposure. The remaining
sections of this chapter discuss studies from which such estimates are derived. Experimental
studies are much less subject to confounding, and where available, are generally preferred.
Unfortunately, experimental studies do not provide information about total environmental air
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lead exposure, which includes multiple exposure pathways and possible time lags of many years
due to passage of lead through the soil, the food chain, and water supplies. It is thus also
necessary to obtain information about total air lead exposure from observational studies. All
observational studies suffer confounding problems. This chapter focuses mainly on those ob-
servational studies in which a substantial number of the probable important confounding fac-
tors are either measured or are controlled by the design of the study. Less importance is
assigned to those studies in which too many important covariates have been omitted, or which
otherwise seem critically deficient.

11.3 LEAD IN HUMAN POPULATIONS
11.3.1 Introduction

This descriptive section presents information on dimensions of current internal exposures
to lead for United States populations. Several aspects of the current situation regarding
internal lead exposures are addressed. First, attention is focused on showing how current in-
dices of internal exposure compare with indices derived from historical samples. Also, the
question of how contemporaneous populations compare with one another with respect to internal
exposures is addressed. The primary data involved in this discussion are blood lead levels
from populations showing varying degrees of urbanization. Blood lead levels are lowest in
populations living remotely from urban influences and increase as one goes from rural to urban
areas, suggesting that higher blood lead levels are linked to urban lifestyles. Following
this discussion, data are presented on several large studies in the United States and a large
worldwide study. These data address two principal questions: 1) are there identifiable sub-
populations in the United States which exhibit higher than average blood lead levels, and
2) how do United States blood lead levels compare with other countries? This section next
presents studies which examine recent time trends in blood lead levels in the United States
and elsewhere, and then concludes with a discussion of evidence which points towards gasoline
lead being an important determinant of changes in blood lead levels associated with exposures
to airborne lead of populations in the United States and elsewhere.

11.3.2 Ancient and Remote Populations
One question of much interest in understanding environmental pollutants is the extent to

which current ambient exposures exceed background levels. Because lead is a naturally occur-
ring element it can be surmised that some level has been and will always be present in the
human body; the question of interest is what is the difference between body burdens of current
subgroups of the United States population and those "natural" levels. Information regarding
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this Issue has been developed from studies of populations that lived in the past and popula-
tions that currently live in remote areas far from the influence of industrial and urban lead
exposures.

Man has used lead since antiquity for a variety of purposes. These uses have afforded
the opportunity for some segments of the human population to be exposed to lead and subse-
quently absorb it into the body. Because lead accumulates over a lifetime in bones and teeth
and because bones and teeth stay intact for extremely long times, it is possible to estimate
the extent to which populations in the past have been exposed to lead. Because of the prob-
lems of scarcity of samples and little knowledge of how representative the samples are of con-
ditions at the time, the data from these studies provide only rough estimates of the extent of
absorption. Further complicating the Interpretation of these data are debates over proper
analytical procedures and the question of whether skeletons and teeth pick up or release lead
from or to the soil in which they are Interred (Waldron et al., 1979; Waldron, 1981).

Waldron et al. (1979) have argued that any lead found in ancient bones probably is an
accurate reflection of exposure during life. They reported a small study which showed no cor-
relation between bone and soil lead concentrations. Later, however, Waldron (1981) reported a
study in which the postmortem bone lead levels appeared to be much too high to have been
developed during life. The bones were recovered from lead coffins. Electron microprobe
analysis on one bone from a lead coffin showed that the lead was concentrated on the surfaces
of the bone. This suggested that the lead in bones came from the lead coffin and led Waldron
(1981) to suggest that "in any further study of the lead content of bones from archaeological
sites, steps must be taken to assess environmental lead levels and if these are unusually
high, the results of the analyses should be viewed with suspicion." Barry and Connolly (1981)
express further concern over the use of paleontological remains as doubtful criteria for the
in vivo assessment of lead exposure in past populations.

Despite these methodological difficulties, several studies provide data by which to esti-
mate internal exposure patterns among ancient populations, and some studies have included data
from both past and current populations for comparisons. Data from specific studies of bone
and teeth in ancient populations are summarized below in Section 11.3.2.1. In contrast to the
study of ancient populations using bone and teeth lead levels, several studies have looked at
the issue of lead contamination from the perspective of comparing blood lead levels in current
remote and urbanized populations. These studies using blood lead levels as an indicator found
mean blood concentrations in remote populations between 1 and 5 ug/dl (an order of magnitude
below current U.S. urban population means), as discussed in Section 11.3.2.2 below.
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11.3.2.1 Ancient Populations. Table 11-1 summarizes several studies that analyzed bones and
teeth to yield approximate estimates of lead absorption in the past. Some of these studies
also analyzed contemporary current samples so that a comparison between past and present could
be made. Studies summarized in Table 11-1 show an increase of lead levels in bone and teeth
from older to contemporary samples.

Samples from the Sudan (ancient Nubians) were collected from several different archaeo-
logical periods (Grandjean et al., 1979). The oldest sample (3300-2900 B.C.) averaged 0.6
Mg/g for bone and 0.9 pg/g for teeth. Data from the later time of 1650-1350 B.C. show a sub-
stantial increase in absorbed lead. Comparison of even the most recent ancient samples with a
current Danish sample showed a four- to eightfold increase over time.

The Shapiro et al. (1975) study compared the tooth lead content of ancient populations
with that of current remote populations and, also, with current urban populations. The
ancient Egyptian samples (1st and 2nd millenia) exhibited the lowest tooth lead levels, with
a mean of 9.7 ug/g. The more recent Peruvian Indian samples (12th century) had similar levels
(13.6 ug/9)- The contemporary Alaskan Eskimo samples had a mean of 56.0 M9/9» while
Philadelphia samples had a mean of 188.3 ug/g. These data suggest an increasing pattern of
lead absorption from ancient populations to current remote and urban populations.

Data have also been obtained from ancient Peruvian and Pennsylvanian samples (Becker et
al. , 1968). The Peruvian and Pennsylvanian samples for American Indian populations were from
approximately the same era (-1200-1400 A.D.). Little lead was used in these cultures as re-
flected by chemical analysis of bone lead content. The values were less than 5 ug/9 f°r both
samples. In contrast, values obtained for modern samples from residents of Syracuse, New
York, ranged from 5 to 110 ug/g. Ericson et al. (1979) also analyzed bone speciments from
ancient Peruvians. Samples from 4500-3000 years ago to about 1400 years ago were reasonably
constant (<0.2 M9/9)-

Fosse and Wesenberg (1981) reported a study of Norwegian teeth samples from several eras.
The older material from 1200-1800 A.D. was significantly lower in lead (1.22 to 1.81 ug/g)
than modern samples (3.73 to 4.12 M9/9)-

Aufderheide et al. (1981) report a study of 16 skeletons from colonial America. Two
social groups, identified as plantation proprietors and laborers, had distinctly different
exposures to lead as shown by the analyses of the skeletal samples. The proprietor group
averaged 185 pg/g bone ash while the laborer group averaged 35 ug/g.

Changes in bone and tooth lead concentrations over time (as determined by the above or
other studies) have been evaluated by Angle and Mclntire (1982), as graphically depicted in
Figure 11-2. Lead concentrations in human bones apparently markedly increased among ancient
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TABLE 11-1. SUMMARY OF REPRESENTATIVE STUDIES OF PAST EXPOSURES TO LEAD

Lead levels,
ug/g dry weight

Population studied

Nubians1 vs. Modern Danes
Nubians
A-group
C- group
Pharonic
Herotlc. X- group and Christians
Dane*

Ancient Peruvians*
Ancient Pennsylvantan Indians
Recent Syracuse. NY

Uvdal*
Modern Bus (tend County
Bryggen
Norway

Ancient Egyptian4
Peruvian Indian
Alaskan Eskimo
PhiTadelphian

Age of sample

3300 B.C. to 750 A.O. (5000 yrs. old)

3300 to 2900 B.C.
2000 to 1600 B.C.
1650 to 1350 B.C.
1 to 750 A.D.
Contemporary

500-600 yrs. old
500 yrs. old
Contemporary

Burled fro* before 1200 A.D. to 1B04
Contemporary
Medieval Bergen
Contemporary

1st and 2nd millennia
12th century
Contemporary
Contemporary

Method of analysis

PASS, ASV

FASS. ASV
FASS, ASV
FASS. ASV
FASS. ASV
FASS. ASV

Arc emission spectroscopy
Arc emission spectrosocpy
Arc emission spectroscopy

AAS
AAS
AAS
AAS

ASV
ASV
ASV
ASV

Bone

0.6t
i.ot
2.0t
1.21
5.5t

<5tt
N.O.
5- llOtt

Tooth

0.9*
2.1*
5.0*
3.2*
25.7*

1.22**
4.12**
1.81**
3.73**

9.7
13.6
56.0
188.3

'Grandjean et aT. (1979).
Decker et al. (1968).
'Fosse and Mesenberg (1901).
«Shaptro et al. (1975).
*Clrcumpulpal dentine. t
tTemporal bone.
ttTibia/femur.
"Whole tooth, but values corrected for enamel and dentine.
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populations with the introduction of metallurgic processes and dramatic increases in produc-
tion and utilization of lead. For example, bone lead concentrations consistently below 3 ug/g
were found for premetallurgic societies in Peru, Egypt, Nubia, and Denmark, whereas concentra-
tions of lead in bones from England during the early Roman Empire era are reported to be
10-fold higher and to have reached 300 to 400 ug/g by the time of the Norman invasion. The
Danish bone lead levels also increased during medieval times and reached peak levels of about
40-50 yg/g in the eighteenth century. The data available for more recent contemporary popu-
lations in the twentieth century appear to be widely variable, ranging from 0.1 to 5.4 ug/g
reported for contemporary adults in Denmark to 7.5 to 195 ug/g reported for U.S. adults dying
in the 1950's. Overall, the available data (despite analytic errors in individual studies)
collectively suggest that contemporary Americans, especially urban populations, absorb mani-
fold higher levels of lead than did members of premetallurgic societies.
11.3.2.2 Remote Populations. Several studies have looked at the blood lead levels in current
remote populations (Piomelli et al., 1980; Poole et al., 1980). These studies are important
in defining baseline levels of internal lead exposures found in the world today.

Piomelli et al. (1980) studied blood lead levels of natives in a remote (far from indus-
trialized regions) section of Nepal. Portable air samplers were used to determine air lead
concentrations in the region. The lead content of the air samples proved to be less than the
detection limit, 0.004 ug/m3. A later study by Davidson et al. (1981) found an average air
lead concentration of 0.00086 ug/m3 in remote areas of Nepal, thus confirming the low air lead
levels reported by Piomelli et al. (1980).

Blood lead levels reported by Piomelli et al. (1980) for the Nepalese natives were low;
the geometric mean blood lead for this population was 3.4 (jg/dl. Adult males had a geometric
mean of 3.8 ug/dl and adult females, 2.9 ug/dl. Children had a geometric mean blood lead of
3.5 H9/41. Only 10 of 103 individuals tested had a blood lead level greater than 10 ug/dl.
The blood samples, which were collected on filter paper discs, were analyzed by a modification
of the Delves cup atomic absorption spectrophotometric method. Stringent quality control pro-
cedures were followed for both the blood and air samples. To put these Nepalese values in
perspective, Piomelli et al. (1980) reported analyses of blood samples collected and analyzed
by the same methods from Manhattan, New York. New York blood leads averaged about 15 ug/dl,
fivefold higher than the Nepalese values.

Poole et al. (1980) reported another study of a remote population, using contamination-
free micro-blood sampling and chemical analysis techniques. They reported acceptable preci-
sion at blood lead concentrations as low as 5 ug/dl, using spectrophotometry. One hundred
children were sampled from a remote area of Papua, New Guinea. Almost all of the children
came from families engaging in subsistence agriculture. The children ranged from 7 to 10
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years and included both sexes. Blood lead levels ranged from 1 to 13 ug/dl with a mean of
5.2. Although the data appear to be somewhat skewed to the right, they are In good agreement
with those of Piomelli for Nepalese subjects.

11.3.3 Levels of Lead and Demographic Covariates in U.S. and Other Populations
Several large surveys of blood lead levels give information on the major demographic co-

variates in U.S. populations (see also sections 7.3.2.2 and 7.3.2.3.) In addition to the
obvious covariates of age, sex, race, and urban-rural differences, there is a more subtle
effect of seasonality. Children show a strong midsummer peak (hence the characterization of
lead poisoning as "the summer disease" (Hunter, 1978)). This peak may be attributed to many
causes: 1) gasoline lead consumption and lead concentrations are higher in the summer; 2)
many people, especially children, spend more time outside during the summer; 3) more beverages
are consumed in the summer, increasing exposure from lead-soldered beverage cans; and 4) other
seasonal variations in diet, climate, and health status may affect blood lead levels. Thus,
seasonal ity has an effect on all of the demographic studies. The extent to which these demo-
graphic studies adjust for seasonality varies.
11.3.3.1 The NHANES II Study. The National Center for Health Statistics has provided the
best currently available picture of blood lead levels among United States residents as part of
the second National Health and Nutrition Examination Study (NHANES II) conducted from
February, 1976 to February, 1980 (Mahaffey et al., 1982; McDowell et al., 1981; Annest et al.,
1982; Annest and Mahaffey, 1984). These are the first national estimates of lead levels in
whole blood from a representative sample of the non-institutionalized U.S. civilian population
aged 6 months to 74 years.

From a total of 27,801 persons identified through a stratified, multi-stage probability
cluster sample of households throughout the United States, blood lead determinations were
scheduled for 16,563 persons including all children ages 6 months to 6 years, and one-half of
all persons ages 7-74. Sampling was scheduled in 64 sampling areas over the four-year period
according to a previously determined itinerary to maximize operational efficiency and response
of participants. Because of the constraints of cold weather, the examination trailers
traveled in the moderate climate areas during the winter, and the more northern areas during
the summer (McDowell et al., 1981).

All reported blood lead levels were based on samples collected by venipuncture. Blood
lead levels were determined by atomic absorption spectrophotometry using a modified Delves cup
micro-method. Specimens were analyzed in duplicate, with both determinations done independ-
ently in the same analytical run. Quality control was maintained by two systems, a bench
system and a blind insertion of samples. If the NHANES II replicates differed by more than
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7 ^g/dl, the analysis was repeated for the specimen (about 0.3 percent were reanalyzed). If
the average of the replicate values of either "bench" or "blind" control specimens fell out-
side previously established 95 percent confidence limits, the entire run was repeated. The
estimated coefficient of variation for the "bench" quality control ranged from 7 to 15 percent
(Mahaffey et al., 1979).

The reported blood lead levels were based on the average of the replicates. Blood lead
levels and related data were reported as population estimates; findings for each person were
inflated by the reciprocal of selection probabilities, adjusted to account for persons who
were not examined and poststratified by race, sex, and age. The final estimates closely ap-
proximate the U.S. Bureau of Census estimates for the civilian non-institutionalized popula-
tion of the United States as of March 1, 1978, aged 1/2-74 years.

Participation rates varied across age categories; the highest non-response rate (51
percent) was for the youngest age group, 6 months through 5 years. Among medically examined
persons, those with missing blood lead values were randomly distributed by race, sex, degree
of urbanization, and annual family income. These data are probably the best estimates now
available regarding the degree of lead absorption in the general United States population.

Forthofer (1983) has studied the potential effects of non-response bias in the NHANES II
survey and found no large biases in the health variables. This was based on the excellent
agreement of the NHANES II examined data, which had a 27 percent non-response rate, with the
National Health Interview Survey data, which had a 4 percent non-response rate.

The national estimates presented below are based on 9933 persons whose blood lead levels
ranged from 2.0 to 66.0 ug/dl. The median blood lead for the entire U.S. population is 13.0
Mg/dl. It is readily apparent that blacks have a higher blood lead level than whites (medians
for blacks and whites were 15.0 and 13.0 ug/dl, respectively).

Tables 11-2 through 11-4 display the observed distribution of measured blood lead levels
by race, sex, and age. The possible Influence of measurement error on the percent distribu-
tion estimates is discussed in Section 11.3.4. Estimates of mean blood lead levels differ
substantially with respect to race, age, and sex. Blacks have higher levels than whites, the
6-month to 5-year group is higher than the older age groups, and men are higher than women.
Overall, younger children show only a slight age effect, with 2- to 3-year-olds having slight-
ly higher blood lead levels than older children or adults (see Figure 11-3). In the 6-17 year
grouping there is a decreasing trend in lead levels with increasing age. Holding age con-
stant, there are significant race and sex differences; as age increases, the difference
between males and females in mean blood lead concentrations increases.
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I ABIE 11-2. MHAMES II BLOOD LEAD LEVELS OF PERSONS 6 MONTHS-74 YEARS. WITH WEIGHTED ARITHMETIC MEAN. STANDARD ERROR OF THE
MEAN. WEIGHTED GEOMETRIC MEAN. MEDIAN. AND PERCENT DISTRIBUTION, BY RACE AND AGE, UNITED STATES. 1976-80

Blood lead level uo/dl

Race and age

All raceid

All ages
6 months-S years
6-17 years
18-74 years

White
All ages
6 months -5 years
6-17 years
18-74 years

Black
All ages
6 months-5 years
6-17 years
18-74 years

Estimated
population

in
tlMMMMdt

203. SS4
16,852
44.964

141.728

174. b28
13.641
37.530

123.357

23.853
2,584
6,529

14,740

Percent distribution0

Number ,
examined^

9,933
2,372
1,720
5.841

8,369
1.876
1,424
5.069

1.332
419
263
650

Arith-
metic
mean

13.9
16.0
12.5
14.2

13.7
14.9
12.1
14.1

15.7
20.9
14.8
15.5

Standard
error of
the Mean

0.24
0.42
0.30
0.25

0.24
0.43
0.30
0.25

0.48
0.61
0.53
0.54

GeoMtric
Man

12.8
14.9
11.7
13.1

12.6
14.0
11.3
12.9

14.6
19.6
14.0
14.4

Median

13.0
15.0
12.0
13.0

13.0
14.0
11.0
13.0

15.0
20.0
14.0
14.0

Less
than

10

22.1
12.2
27.6
21.2

23.3
14.5
30.4
21.9

13.3
2.5

12.8
14.7

10-19

62.9
63.3
64.8
62.3

62.8
67.5
63.4
62.3

63.7
45.4
70.9
62.9

20-29

13.0
20.5
7.1

14.3

12.2
16.1
5.8

13.7

20.0
39.9
15.6
19.6

30-39

1.6
3.6
0.5
1.8

1.5
1.8
0.4
1.8

2.3
10.2
0.7
2.0

40+

0.3
0.4
-

0.4

0.3
0.2
-

0.4

0.6
2.0
-

0.9

*At the Midpoint of the survey, March 1, 1978.
Trfith lead determinations fro* blood specimens drawn by venipuncture.
cNumbers may not add up to 100 percent due to rounding.
^Includes data for races not shown separately.



TABLE 11-3. WANES II BLOOD LEAD LEVELS OF HALES 6 MONTHS-74 YEARS. WITH WEIGHTED ARITHMETIC MEAN. STANDARD ERROR OF THE
MEAN, WEIGHTED GEOMETRIC MEAN. MEDIAN. AND PERCENT DISTRIBUTION, BY RACE AND AGE, UNITED STATES. 1976-80

Blood lead level uo/dl

Race and age

All racesd
All ages

6 Bonths-5 years
6-17 years
18-74 years

White
All ages
6 Booths- 5 years
6-17 years
18-74 years

Black
All ages
6 Bonths-5 years
6-17 years
18-74 years

EstiBated
population

in
thousands

99,062

8.621
22.887
67,555

85,112
6,910
19,060
59,142

11,171
1,307
3,272
6,592,

examined

4.945

1,247
902

2,796

4.153
969
753

2,431

664
231
129
304

Arith-
•etic
mean

16.1

16.3
13.6
16.8

15.8
15.2
13.1
16.6

18.3
20.7
16.0
19.1

Standard
error of
the mean

0.26

0.46
0.32
0.28

0.27
0.46
0.33
0.29

0.52
0.74
0.62
0.70

Geoewtric
•ean

15.0

15.1
12.8
15.8

14.7
14.2
12.4
15.6

17.3
19.3
15.3
18.1

Median

15.0

15.0
13.0
16.0

15.0
14.0
13.0
16.0

17.0
19.0
15.0
18.0

Less
than
10

10.4

11.0
19.1
7.6

11.3
13.0
21.4
8.1

4.0
2.7
8.0
2.3

Percent

10-19

65.4

63.5
70.1
64.1

66.0
67.6
69.5
64.8

59.6
48.8
69.9
56.4

distribution0

20-29

20.8

21.2
10.2
24.2

19.6
17.3
8.4

23.3

31.0
35.1
21.1
34.9

30-39

2.8

4.0
0.7
3.4

2.6
2.0
0.7
3.3

4.1
11.1
1.0
4.5

40+

0.5

0.3
-
0.6

0.4
0.1
-
0.6

1.3
2.4
-
1.8

aAt the Midpoint of the survey, March 1. 1978.
'Vith lead deterai nations froei blood specimens drawn by venipuncture.
cNuBbers wiy not add to 100 percent due to rounding.
Includes data for races not shown separately.



TABLE 11-4. NHANES II BLOOO LEAD LEVELS OF FEHALES 6 MONTHS-74 YEARS. WITH WEIGHTED ARITHMETIC MEAN,
STANDARD ERROR OF THE MEAN, WEIGHTED GEOMETRIC MEAN, MEDIAN, AND PERCENT DISTRIBUTION, BY RACE AND AGE, UNITED STATES. 1976-80

ii—•cc

Blood lead level

Race and age

All racesd

All ages

6 Mnths-5 years
6-17 years
IB- 74 years

WhiU
All ages
6 Months -5 years
6-17 years
18-74 years

Black
All ages
6 Months-5 years
6-17 years
18-74 years

Estimated
population

in
thousands

104,492

8,241
22,077
74,173

89.417
6,732

18.470
64.215

12.682
1.277
3,256
8.148

NiMber .
•xaainea

4.988

1.125
818

3.045

4.216
907
671

2.638

668
188
134
346

Arith-
MttC
Man

11.9

15.8
11.4
11.8

11.7
14.7
11.0
11.7

13.4
21.0
13.6
12.7

Standard
error of
the Mean

0.23

0.42
0.32
0.22

0.23
0.44
0.31
0.23

0.45
0.69
0.64
0.44

GeoMtrlc
Man

11.1

14.6
10.6
11.0

10.9
13.7
10.3
10.9

12.6
19.8
12.8
12.0

Median

11.0

15.0
11.0
11.0

11.0
14.0
11.0
11.0

13.0
20.0
13.0
12.0

Less
than
10

33.3

13.5
36.6
33.7

34.8
16.1
40.0
34.6

21.5
2.2

17.7
24.7

. Pfl/dl
Percent

10-19

60.5

63.2
59.3
60.6

59.6
67.3
56.9
59.9

67.3
41.6
71.9
68.1

distribution0

20-29

5.7

19.8
3.9
5.2

5.0
14.8
2.9
5.0

10.3
45.3
10.0
7.2

30-39

0.4

3.0
0.2
0.3

0.4
1.6
0.2
0.4

0.7
9.2
0.4

40*

0.2

0.5
-

0.2

0.2
0.2
-

0.2

0.1
1.7
-

*At the Midpoint of the survey. March 1. 1978.
''With lead determinations fro* blood speciaens drawn by wen i puncture.
cMurt>ers My not add to 100 percent due to round ing.
dIncludes data for races not shown separately.
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Figure 11 -3. Geometric mean blood lead levels by race and age for
younger children in the NHANES II study. EPA calculations from
data furnished by the National Center for Health Statistics.

Source: Annest and Mahaffey (1984).
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For adults 18-74 years, males have greater blood lead levels than females for both whites
and blacks. There is a significant relationship between age and blood lead, but it differs
for whites and blacks. Whites have increasing blood lead levels until 35-44 years of age and
then decline, while blacks have increasing blood lead levels until 55-64.

This study showed a clear relationship between blood lead level and family income group.
For both blacks and whites, increasing family income is associated with lower blood lead
level. At the highest income level the difference between blacks and whites is the smallest,
although blacks still have significantly higher blood lead levels than whites. The racial
difference was greatest for the 6-month to 5-year age range.

The NHANES II blood lead data were also examined with respect to the degree of urbaniza-
tion at the place of residence. The three categories used were urban areas with population
greater than one million, urban areas with population less than one million, and rural areas.
Geometric mean blood lead levels increased with degree of urbanization for all race-age groups
except for blacks 18-74 years of age (see Table 11-5). Most importantly, urban black children
aged 6 months - 5 years appeared to have distinctly higher mean blood lead levels than any
other population subgroup.
11.3.3.2 The Childhood Blood Lead Screening Programs. In addition to the nationwide picture
presented by the NHANES II (Annest et al., 1982) study regarding important demographic corre-
lates of blood lead levels, Billick et al. (1979, 1982) provide large scale analyses of blood
lead values from childhood blood lead screening programs in specific cities that also address
this issue.

Billick et al. (1979) analyzed data from New York City blood lead screening programs fro*
1970 through 1976. The data include age in months, sex, race, residence expressed as health
district, screening information, and blood lead values expressed in intervals of 10 ug/dl.
Only t"? venous blood lead data (178,588 values), clearly identified as coming from the first
screening of a given child, were used. All blood lead determinations were done by the same
laboratory. The geometric means of the children's blood lead levels by age, race, and year of
collection are presented in Table 11-6. The annual means were calculated from the four quar-
terly means which were estimated by the method of Hasselblad et al. (1980).

The data obtained for New York are generally consistent with the nationwide results from
the NHANES II study. For example, all racial/ethnic groups show an increase in geometric mean
blood level with age for the first two years and a general decrease in the older age groups.
These age-related patterns are seen in Figure 11-4, which shows the trends for all years
(1970-1976) combined. Also, the childhood screening data described by Billick et al. (1979)
show higher geometric mean blood lead values for blacks than for Hispanics or for whites.
Table 11-6 presents these geometric means for the three racial/ethnic groups for seven years.
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TABLE 11-5. WEIGHTED GEOMETRIC MEAN BLOOD LEAD LEVELS
FROM NHANES II SURVEY BY DEGREE OF URBANIZATION OF PLACE OF
RESIDENCE IN THE U.S. BY AGE AND RACE, UNITED STATES 1976-80

(micrograms/deciliter)

Degree of

Race and age

All races
All ages
6 months-5
6-17 years
18-74 years

Whites
All ages
6 months-5
6-17 years
18-74 years

Blacks
All ages
6 months-5
6-17 years
18-74 years

Urban,
£1 million

years

- men:
women:

years

- men:
women:

years

- men:
women:

14.
16.
13.
16.
12.

14.
15.
12.
16.
12.

14.
20.
14.
17.
11.

0
8
1
9
2

0
6
6
9
4

4
8
6
4
8

(2,395)a

(544)
(414)
(677)
(760)

(1,767)
(358)
(294)
(531)
(584)

(570)
(172)
(111)
(132)
(155)

12.
15.
11.
15.
11.

12.
14.
11.
15.
10.

14.
19.
13.
18.
12.

urbanization
Urban,

<1 million

8
4
7
7
0

5
4
4
4
8

8
2
6
6
4

(3,869)
(944)
(638)

(1,050)
(1,237)

(3,144)
(699)
(510)
(889)

(1,046)

(612)
(205)
(113)
(134)
(160)

11.
13.
10.
15.
9.

11.
12.
10.
14.
9.

14.
16.
13.
18.
11.

Rural

9
0
7
1
8

8
7
5
8
8

4
5
0
3
3

(3

(1
(1

(3

(1
(1

,669)
(884)
(668)
,069)
,048)

,458)
(819)
(620)
,011)
,008)

(150)
(42)
(39)
(38)
(31)

aNumber with lead determinations from blood specimens drawn by venipuncture.

Source: Annest and Mahaffey, 1984; Annest et al.( 1982.
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TABLE 11-6. ANNUAL GEOMETRIC MEAN BLOOD LEAD LEVELS FROM THE NEW YORK BLOOD LEAD SCREENING STUDIES
OF BILLICK ET AL. (1979). ANNUAL GEOMETRIC MEANS ARE CALCULATED FROM QUARTERLY

GEOMETRIC MEANS ESTIMATED BY THE METHOD OF HASSELBLAD ET AL. (1980)
(micrograms/deciliter)

ror\j

Ethnic group

Black

Hispanic

White

Year

1970
1971
1972
1973
1974
1975
1976

1970
1971
1972
1973
1974
1975
1976

1970
1971
1972
1973
1974
1975
1976

1-12 no

25.2
24.0
22.2
22.9
22.0
19.8
16.9

20.8
19.9
18.7
20.2
19.8
16.3
16.0

21.1
22.5
20.1
21.5
20.4
19.3
15.2

13-24 no

28.9
29.3
26.0
26.6
25.5
22.4
20.0

23.8
22.6
20.5
21.8
21.5
18.7
17.4

25.2
22.7
21.6
21.8
21.7
17.9
18.2

25-36 mo

30.1
29.9
26.3
26.0
25.4
22.4
20.6

24.5
24.6
21.8
22.5
22.7
19.9
18.1

26.0
22.7
20.7
21.7
21.3
16.1
17.1

Age
37-48 no

28.3
29.3
25.4
25.3
24.3
21.9
20.2

24.7
24.4
22.2
22.8
22.5
20.1
18.2

24.8
23.5
20.8
20.2
21.1ie:5
16.6

49-60 mo

27.8
28.2
24.7
24.4
23.4
21.2
19.5

23.8
23.9
21.8
22.0
21.9
19.8
18.0

26.0
21.6
21.0
21.3
20.6
16.8
16.2

61-72 «o

26.4
27.2
23.9
24.1
21.8
21.4
18.2

23.6
23.4
21.8
21.5
20.5
19.2
16.7

22.6
21.3
20.2
20.7
19.5
15.4
15.9

73- mo

25.9
26.5
23.3
23.3
21.9
18.9
18.4

23.0
23.5
21.0
21.7
20.2
17.2
17.2

21.3
19.5
17.3
18.4
17.3
15.9
8.8

All ages

27.5
27.7
24.5
24.6
23.4
21.1
19.1

23.4
23.1
21.1
21.8
21.3
18.7
17.4

23.8
21.9
20.2
20.8
20.2
17.1
15.1
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Figure 1 1 -4. Geometric mean blood lead values by race and age
for younger children in the New York City screening program
(1970-1976).

Source: Adapted from Hasselbiad et al. 1 980.
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Using the method of Hasselblad et al. (1980), the estimated geometric standard deviations were
I.41, 1.42, and 1.42 for blacks, Hispanics, and whites, respectively.
II.3.3.3 Levels of Lead and Demographic Covan'ates Worldwide. An international study conduc-
ted jnder the auspices of the United Nations Environment Program and the World Health Organi-
zation provides the first analytically comparable blood lead data set available to infer the
current similarities and differences in lead absorption from country to country (Friberg and
Vahter, 1983). Extensive attention was paid to quality control issues, with the resulting
blood lead determinations being very comparable from country to country. School teachers were
chosen as study subjects since they would be unlikely to have occupational exposures to lead
and also because they would have similarities in socioeconomic characteristics. A detailed
interview was administered to the subjects to obtain background data.

Figure 11-5, derived from data in the paper, displays the variability from country to
country. Unweighted geometric mean blood lead levels ranged from a low of 5.8 ug/dl in Japan
to 22.3 pg/dl in Mexico. Teachers in China. Israel, Japan, Sweden, and the United States all
had geometric mean blood leads below 8.0 ug/dl.

In general, males showed higher blood lead levels than females; on the average, male
teachers had blood lead levels 30 percent higher than females regardless of cigarette smoking
status. In most cases cigarette smokers had 10 percent higher blood lead levels than
nonsmokers.

LI.3.4 Distributional Aspects of Population Blood Lead Levels
The importance of the form of the distribution of blood lead levels was briefly discussed

in Section 11.2.2. The distribution form determines which measure of central tendency (arith-
metic mean, geometric mean, median) is most appropriate. It is even more important in esti-
mating percent)les in the upper tail of the distribution, an issue of much importance in esti-
mating percentages (or absolute numbers) of individuals in specific population groups likely
*:o be experiencing various lead exposure levels.

Distribution fitting requires large numbers o$ samples taken from a relatively homo-
geneous population. A homogeneous population is one in which the distribution of values
remains constant when split into subpopulations. These subpopulations could be defined by
demographic factors such as race, age, sex, income, degree of urbanization, and degree of
exposure. Since these factors always have some effect, a relatively homogeneous population
r f i i ; be defined as one with minimal effects from any factors that contribute to differences in
b'ood lead levels.
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Several authors have suggested that the distribution of blood lead levels for any rela-
tively homogeneous population closely follows a lognormal distribution (Yankel et al., 1977;
Tepper and Levin, 1975; Azar et al., 1975). Lognormality has been noted for other metals,
such as 90Sr, 144Ce, Pu, and Ti in various tissues of human populations (Cuddihy et al., 1979;
Schubert et al., 1967). Yankel et al. (1977), Tepper and Levin (1975), and Angle and Mclntir*
(1979) all found their blood lead data to be lognormally distributed. Further analysis by ERA
of the Houston study of Johnson et al. (1974), the study of Azar et al. (1975), and the New
York children screening program reported by Billick et al. (1979) also demonstrated that a
lognormal distribution provided a good fit to the data.

The only nationwide survey of blood lead levels in the U.S. population is the NHANES II
survey (Annest et al., 1982). In order to obtain a relatively homogeneous subpopulation of
lower environmental exposure, the analysis was restricted to whites not living in an SMSA
(Standard Metropolitan Statistical Area), with a family income greater than $6,000 per year,
the poverty threshold for a family of four at the midpoint of study as determined by the U.S.
Bureau of Census. This subpopulation was split into four subgroups based on age and sex.
The summary statistics for these subgroups are in Table 11-7.

TABLE 11-7. SUMMARY OF UNWEIGHTED BLOOD LEAD LEVELS IN WHITES
NOT LIVING IN AN SMSA, WITH FAMILY INCOME GREATER THAN $6,000

Unweighted mean

Subgroup

Age 1/2 to 6
Age 6 to 18
Age 18+, men
Age 18+, women

Sample
size

752
573
922
927

Arith.
mean,
ug/dl

13.7
11.3
15.7
10.7

Geom.
mean,
ug/dl

12.9
10.6
14.7
10.0

Sample
median,
ug/dl

13.0
10.0
15.0
10.0

99th
percenti le,
ug/dl

32.0
24.0
35.8
23.0

Arith.
std. dev. ,
ug/dl

5.03
4.34
5.95
4.14

Geom.
std. dev.

1.43
1.46
1.44
1.46

Each of these four subpopulations were fitted to five different distributions: normal,
lognormal, gamma, Weibull, and Wald (Inverse Gaussian) as shown in Table 11-8. Standard
chi-square goodness-of-fit tests were computed after collapsing the tails to obtain an
axpected cell size of five. The goodness-of-fit test and likelihood functions indicate that
the lognormal distribution provides a better fit than the normal, gamma, or Weibull. A
histogram and the lognormal fit for each of the four subpopulations appear in Figure 11-6.
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TABLE 11-8. SUMMARY OF FITS TO NHANES II BLOOD LEAD LEVELS
OF WHITES NOT LIVING IN AN SMSA, WITH INCOME GREATER THAN $6,000,

FOR FIVE DIFFERENT TWO-PARAMETER DISTRIBUTIONS

Children <6 years

Normal
Lognormal
Gamma
Weibull
Wald

Normal
Lognormal
Gamma
Weibull
Wald

Chi-square

75.52
14.75
17.51
66.77
15.71

Chi-square

39.58
3.22
4.88
24.48
2.77

D.F.*

8
10
9
8
10

Children 6

D.F.*

6
8
7
6
8

p-value

0.0000
0.1416
0.0413
0.0000
0.1083

years $17

p-value

0.0000
0.9197
0.6745
0.0004
0.9480

log-
like! ihood

-2280.32
-2210.50
-2216.51
-2271.57
-2211.83

log-
likelihood

-1653.92
-1607.70
-1609.33
-1641.35
-1609.64

deviation**
at 99th
percentile

6.61
2.57
4.68
5.51
2.76

deviation**
at 99th

percentile

2.58
-1.50
-0.64
1.72
-1.30

Men 218 years

Normal
Lognormal
Gamma
Weibull
Wald

Normal
Lognormal
Gamma
Weibull
Wald

Chi-square

156.98
12.22
34.26
132.91
14.42

Chi-square

66.31
7.70
11.28
56.70
10.26

D.F.*

10
13
12
11
13

Women 218

D.F.*

5
8
7
6
8

p-value

0.0000
0. 5098
0.0006
0.0000
0.3450

years

p-value

0.0000
0.4632
0.1267
0.0000
0.2469

log-
likelihood

-2952.85
i -2854.04

-2864.79
-2934. 14
-2855.94

log-
1 ikel ihood

-2631.67
-2552.12
-2553.34
-2611.78
-2556.88

deviation**
at 99th

percentile

5.24
1.51
4.00
4.88
1.72

deviation**
at 99th

percentile

2.68
-1.18
0.90
1.73
-1.01

*D.F. = degrees of freedom.
**observed 99th sample percentile minus predicted 99th percentile.
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BLOOD LEAD LEVELS, j*g/dl,
FOR 6-MONTH TO «-YEAR-OLD-CHILDREN

BLOOD LEAD LEVELS, «*g/dl,
FOR 6-TO 17-YEAR OLD CHILDREN
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Figure 11 -6. Histograms of Mood lead levels with fitted lognormal
curves for the NHANES II study. All subgroups are white, non-SMSA
residents, with family incomes over $6000/year.

Source: (EPA calculations from data supplied by National Center
for Hearth Statistics.)
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The Wald distribution is quite similar to the lognormal distribution and appears to provide
almost as good a fit. Table 11-8 also indicates that the lognormal distribution estimates
the 99th percentile as well as any other distribution.

Based on the examination of the NHANES II data, as well as the results of the several
other studies discussed above, it appears that the lognormal distribution is the most appro-
priate for describing the distribution of blood lead levels in homogeneous populations with
relatively constant exposure levels. The lognormal distribution appears to fit well across
the entire range of the distribution, including the right tail.

The lognormal distribution describes both the mean and the variation of the populations
under study. It is obvious that even relatively homogeneous populations have considerable
variation among individuals. The estimation of this variation is important for determination
of the proportion of individuals above a given blood lead level. This variation is the result
of both analytic variation and population variation.

Analytic variation, which exists in any measurement of any kind, has an impact on the
bias and precision of statistical estimates. For this reason, it is important to estimate the
magnitude of variation. Analytic variation consists of both measurement variations (vari-
ation between measurements run at the sane time) and variation created by analyzing samples at
different times (days). This kind of variation for blood lead determinations has been discus-
sed by Lucas (1981). The measurement variation alone does not follow a lognormal distribu-
tion, as was shown by Saltzman et al. (1983).

Values for the variation within groups (or mean square error) are available from several
studies discussed above, including the NHANES II Survey, the N.Y. Childhood Screening Study,
the Tepper-Leven Seven City Study, and the Azar et al. study. Variation, including analytic
variation, ranged from about 1.3 to 1.4 when expressed as a geometric standard deviation.
This value depends on the uniformness of the populations and the magnitude of the analytic
variation.

The NHANES II study provides excellent data for the study of this variation, since it has
excellent quality control and extensive information on demographic covariates. In order to
minimize the effects of location, income, sex, and age, an analysis of variance procedure was
used to estimate the variation for several age-race groups. The variables just mentioned were
used as main effects, and the resulting mean square errors of the logarithms are shown in
Table 11-9. The estimated geometric standard deviations have been adjusted for sex, age, in-
come, and place of residence. As a result, the values for geometric standard deviations tend
to be smaller than the unadjusted values for specific subgroups as reported by Annest and
Mahaffey (1984).
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TABLE 11-9. ESTIMATED MEAN SQUARE ERRORS RESULTING FROM
ANALYSIS OF VARIANCE ON VARIOUS SUBPOPULATIONS

OF THE NHANES II DATA USING UNWEIGHTED DATA

White,
Age Non-SMSA

0.5 to 6 0.0916
(1.35)*

6 to 18 ' 0.0814
(1.33)

18+, men 0.1155
(1.40)

18+ , women 0.1083
(1.39)

White, SMSA,
not central city

0.0839
(1-34)

0.0724
(1.31)

0.0979
(1.37)

0.0977
(1.37)

White,
central city

0.1074
(1-39)

0.0790
(1.33)

0.1127
(1-40)

0.0915
(1.35)

Black,
central city

0.0978
(1.37)

0.0691
(1.30)

0.1125
(1.40)

0.0824
(1.33)

Note: Mean square errors are based on the logarithm of the blood lead levels.
"Estimated geometric standard deviations are given in parentheses.

The analytic variation was estimated specifically for this study by Annest et al.
(1983b). The analytical variation was estimated as the sun of components estimated from the
high and low blind pool and from the replicate measurements in the study of Griffin et al.
(1975). The overall estimate of analytic variation for the NHANES II study was 0.02083
(estimated mean square error based on logarithms).

Analytic variation causes a certain amount of misclassification when estimates of the
percent of individuals above or below a given threshold are made. This is because the true
value of a person's blood lead could be below the threshold, but the contribution from analy-
tic variation may push the observed value over the threshold. The reverse is also possible.
These two types of nrisclassifications do not necessarily offset each other.

Annest et al. (1983b) estimated this misclassification rate for several subpopulations in
the NHANES II data using a threshold value of 30 ug/dl. In general, the percent truly greater
than this threshold was approximately 24 percent less than the prevalence of blood lead levels
equal to or greater than 30 ug/dl, estimated from the weighted NHANES II data. This is less
than the values predicted by Lucas (1981) which were based on some earlier studies.

The studies reviewed here provide estimates of geometric standard deviations for observed
blood lead distributions which consistently fall in the range of 1.3 to 1.4. The NHANES II
study, thought to provide the best available data set in terms of good quality control and
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other features such as sample size, yields estimates of geometric standard deviations for
various subgroups of young children (0.5 to 6 years old) in the range of 1.34 to 1.39 (uncor-
rected for analytic error). Variations in the site means of log(blood lead) were calculated
after controlling for race, income, and degree of urbanization. The remaining standard devi-
ation of 0.183 for site means indicates substantial variation in baseline exposure after
accounting for the major proxies for air lead. The geometric standard deviation attributable
to the non-air lead exposure sources can be estimated by adjusting the NHANES II blood lead
levels for the impact of gasoline lead by use of linear regression. Since gasoline lead
during 1976-1980 accounted for 85 to 90 percent of air lead, the effect at gasoline lead = 0
was reduced by an additional 15 percent to account for all air lead. The resulting geometric
standard deviation was 1.428. If this calculation is done only for children with blood lead
< 40 (jg/dl (who are more likely to be helped by an air lead standard) then the geometric stan-
dard deviation is 1.419. Thus, a geometric standard deviation for the NHANES II population of
children without attribution of any source of lead exposure except gasoline lead and indus-
trial air lead emissions may be taken as approximately 1.42.

11.3.5 Time Trends in Blood Lead Levels Since 1970
In the past few years a number of reports have appeared that examined trends in blood

lead levels during the 1970's. In several of these reports some environmental exposure esti-
mates are available.
11.3.5.1 Time Trends in NHANES II Study Data. Blood lead data from NHANES II (see section
11.3.3.1 for full discussion of methodology) show a significant downward trend over time for
nationwide blood lead levels in the United States (Annest et al., 1983a). After accounting
for the effects of race, sex, age, region of country, season, income, and degree of urbaniza-
tion, a statistically significant negative association with date of sampling was found. Using
regression model-predicted blood lead levels, a 37 percent drop from 14.6 to 9.2 ug/dl from
the beginning to the end of the study was found. Overall nationwide mean blood lead levels
from these data presented in 28-day intervals from February, 1976 to February, 1980 are dis-
played in Figure 11-7. Similar decreases in average blood lead levels were noted for a number
of subgroups which compose the total sample (see Figure 11-8), with the declines ranging from
31 to 42 percent for various subgroups.

A variety of possible explanations for the nationwide decline in average blood lead
levels were examined. Analysis of quality control samples indicated that laboratory drift was
not the cause of the observed decline. Further statistical analyses ruled out the possibility
that the decline was entirely due to season, income, geographic region, or urban-rural differ-
ences. Annest et al. (1983a) suggested that although strong correlation does not prove cause
and effect, the most reasonable explanation for this trend appears to be reduction in the
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amount of lead used in gasoline production over the same time period (as discussed in more
detail in Section 11.3.6.1).
11.3.5.2 Time Trends in the Childhood Lead Poisoning Screening Programs. Billick and col-
leagues have analyzed the results of blood lead screening programs conducted by the City of
New York (Billick et al., 1979; Billick, 1982). Most details regarding this data set were al-
ready described, but Table 11-10 summarizes relevant methodologic information for these analy-
ses and for analyses done on a similar data base from Chicago, Illinois. The discussion of
the New York data below is limited to an exposition of the time trend in blood lead levels
from 1970 to 1977. .

Geometric mean blood lead levels decreased for all three racial groups and for almost all
age groups in the period 1970-76 (Table 11-6). Table 11-11 shows that the downward trend
covers the entire range of the frequency distribution of blood lead levels. The decline in
blood lead levels showed seasonal variability, but the decrease in time was cons ;tent for
each season. The 1977 data were supplied to ERA by Dr. Billick.

In addition to this time trend observed in New York City, Billick (1982) examined similar
data from Chicago and Louisville. The Chicago data set was much more complete than the Louis-
v i l l e one, and was much more methodologically consistent. Therefore, the Chicago data will
mainly be discussed here. The lead poisoning screening program in Chicago may be the longest
continuous program in the United States. Data used in this report covered the years 1967-
1980. Because the data set was so large, only a 1 in 30 sample of laboratory records was
coded for statistical analysis (similar to procedures used for New York described above).

The blood lead data for Chicago contains samples that may be repeats, confirmatory analy-
ses, or eve i samples collected during treatment, as well as initial screening samples. This
is a major difference from the New York City data, which had initial screening values only.
Chicago blood lead levels were all obtained on venous samples and were analyzed by one labora-
tory, the Division of Laboratories, Chicago Department of Health. Lead determinations were
done by atomic absorption. Racial composition was described in more detail than for New York,
but analysis showed there was no difference among the non-blacks, so they were pooled in the
final analysis.

Table 11-10 displays important characteristics of the Chicago and New York screening pro-
grams, including the number of observations involved in these studies. From tables in the ap-
pendices of the report (Billick, 1982), specific data on geometric mean blood lead values,
race, sex, and sampling data for both cities are available. Consistency of the data across
cities is depicted in Figure 11-9. The long-term trends are quite consistent, although the
seasonal peaks are somewhat less apparent. Although the data displayed are only for blacks
ageu 25 to 36 months, very similar data are available for whites and other groups covered by
the study.
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Figure 11 -9. Time dependence of blood lead levels for blacks, aged
25-38 months, in New York City and Chicago.

Source: Adapted from Billick (1982).
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TABLE 11-10. CHARACTERISTICS OF CHILDHOOD LEAD POISONING SCREENING DATA

New York Chicago

Time period

Sampling technique

Analytic technique

Laboratory

Screening status

Race classification
and total number of
samples used in
analysis*

Raw data

Gasoline data

1970 - 1979

Venous

AAS
(Hasel method)

In house

Available/unknown

Unknown
White
Black
Hispanic
Other
TOTAL

69,658
5,922
51,210
41,364
4,398

172,552

Decade grouped

Tri-state (NY, NJ, CT)
1970 - 1979

SMSA 1974 - 1979

1967 - 1980 (QTR 2)

Venous

AAS
(Hasel method)

In house

Unavailable

Nonblack 6,459
Black 20,353
TOTAL 26,812

Ungrouped

SMSA

*New York data set only includes first screens while Chicago includes also
confirmatory and repeat samples.

TABLE 11-11. DISTRIBUTION OF BLOOD LEAD LEVELS FOR 13- TO 48-
MONTH-OLD BLACKS BY SEASON AND YEAR* FOR NEW YORK SCREENING DATA

Year

January - March
Percent

<15ug/dl 15 - 34jjg/dl

July - September
Percent

<15ug/dl 15 - 34ug/dl >34ug/dl

1970
1971
1972
1973
1974
1975
1976
1977

(insufficient sample size)
3.8
4.4
7.3
9.2
11.1**
21.1
28.4

69.5
76.1
80.3
73.8
77.5**
74.1
66.8

26.7
19.5
12.4
17.0
11.4**
4.8
4.8

3.4
1.3
4.3
2.7
8.2
7.3**

11.9
19.9

54.7
56.0
72.2
62.4
65.4
81.3**
75.8
72.9

42.0
42.7
23.4
34.9
26.4
11.4**
12.3
7.2

* data provided by I.H. Billick (1982).
**Percentages estimated using interpolation assuming a lognormal distribution.
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11.3.5.3 Newark. Cause et al. (1977) present data from Newark, New Jersey, that reinforce
the findings of Billick and coworkers. Gause et al. studied the levels of blood lead among 5-
and 6-year-old children tested by the Newark Board of Education during the academic years
1973-74, 1974-75, and 1975-76. All Newark schools participated in all years. Participation
rates were 34, 33, and 37 percent of the eligible children for the three years, respectively.
Blood samples collected by fingerstick onto filter paper were analyzed for lead by atomic
absorption spectrophotometry. The authors point out that fingerstick samples are more subject
to contamination than venous samples; and that because erythrocyte protoporphyrin confirmation
of blood lead values greater than 50 ug/dl was not done until 1974, data from earlier years
may contain somewhat higher proportions of false positives than later years.

Blood lead levels declined markedly during the 3-year study period. The percentage of
children with blood lead levels less than 30 ug/dl went from 42 percent for blacks in 1973-74
to 71 percent in 1975-76; similarly, the percentages went from 56 percent to 85 percent in
whites. The percentage of high risk children (>49 ug/dl) dropped from 9 to 1 percent in
blacks and from 6 to 1 percent in whites during the study period. Unfortunately, no com-
panion analysis was presented regarding concurrent trends in environmental exposures.

Foster et al. (1979), however, reported a study from Newark that examined the effective-
ness of the city's housing deleading program, using the current blood lead status of children
who had earlier been identified as having confirmed elevated blood lead levels; according to
the deleading program, these children's homes should have been treated to alleviate the lead
problem. After intensive examination, the investigators found that 31 of the 100 children
studied had lead-related symptoms at the time of Foster's study. Examination of the records
of the program regarding the deleading activity indicated a serious lack of compliance with
the program requirements. Given the results of Foster's study, it seems unlikely that the
observed trend was primarily caused by the deleading program.
11.3.5.4 Boston. Rabinowitz and Needleman (1982) studied umbilical cord blood lead levels
from 11,837 births between April, 1979 and April, 1981 in the Boston area. These represented
97 percent of the births occurring in a hospital serving a diverse population. Blood samples
were analyzed for lead by anodic stripping voltammetry after stringent quality control proce-
dures were used. External quality control checks were done by participation in the Blood Lead
Reference Program, conducted by the Centers for Disease Control. The average difference
between the investigators' results and the reference lab was 1.4 ug/dl.

The overall mean blood lead concentration was 6.56 ± 3.19 pg/dl (standard deviation) with
a range from 0.0 to 37.0 ug/dl. After regression of the individual values of blood lead
against the date of birth, a significant downward trend in blood levels was observed (MJ.89
pg/dl/yr), representing a decrease of 14 percent per year (Figure 11-10). Figure 11-10 also
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illustrates the complicating aspect of seasonal trends in evaluating underlying secular
trends. The observed trend is similar to that noted in the NHANES II study described earlier.
Rabinowitz and Needleroan (1982) list the following as possible causes of the decline: (1)
modification of the water supply to decrease the lead content; (2) reduction of the use of
lead in gasoline; (3) reduction in contamination of food by solder; and 4) changes in prenatal
practices, such as smoking or iron supplementation.

Rabinowitz and Needleman (1983) then sought to evaluate statistically possible reasons
for the observed two-year downward trend in umbilical cord blood lead levels. The authors
used pairwise product moment correlations for the monthly cord lead levels (about 500 per
month) and monthly amounts of gasoline lead in Massachusetts. A strong correlation was ob-
served: with the same month's data, the correlation coefficient was 0.716, which increased to
a peak correlation coefficient of 0.758 when a 1-month lag time was used. The authors indi-
cate that they did not observe similar trends in maternal tobacco smoking, education level,
and alcohol consumption. They did observe a positive (instead of negative) trend in tap water
lead concentrations. They conclude that gasoline lead exposure changes were probably the
cause of the observed trend in blood lead levels.

From the ongoing surveillance of consecutive births, Rabinowitz et al. (1984) also iden-
tified a cohort of 249 infants who were enrolled in an ongoing cohort study after meeting
certain eligibility standards. Indoor air was sampled for lead from the homes of children
when each child was 6, 18, and 24 months of age. Tapwater was collected after a 4-liter flush,
at 1 and 6 months of age. Seasonal biases in indoor/outdoor air lead ratios and the amounts
of time spent indoors may have been confounding variables which may have distorted upward the
underlying inhalation slope to the observed value near nine.

For each month there was generally available a mean enr lead from 12 homes, water lead
from 23 homes, and blood leads for 500 births. The study period covered March, 1980 to April,
1981. The blood leads were then correlated with gasoline lead sales, indoor air, and tap-
water. A linear (although somewhat scattered) trend was found between lead in indoor air and
gasoline lead sales. Forty-eight percent of the variance in air lead could be accounted for
by the gasoline lead sales. Air lead and blood lead levels were highly correlated. The best
linear fit (r = 0.71) has a slope of 9 ug/dl/ug/m3 and an intercept of 4.9 ug/dl. No correla-
tion was observed between water and blood lead levels. Interestingly, a higher correlation
was found between gasoline lead sales and blood lead levels than between air lead and blood
lead.

Karalekas et al. (1983) report additional data from the Boston metropolitan area. Re-
sults of the lead screening program indicate that the percentage of screened children with
elevated blood lead levels declines over the period 1976-1981. Data on lead in water for this
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period are also presented. Water lead levels began to decline after the decline in blood lead
levels. This relationship in this data warrants further research.
11.3.5.5 Lead Studies in the United Kingdom. There has been a series of publications from
various workers in England who have been examining the question of whether or not time trends
in blood lead levels exist there as well as in the United States (Oxley, 1982; Elwood,
1983a,b; Quinn, 1983). These papers cover a variety of exposure situations and populations
studied. All of them obtained findings analogous to those described above for the United
States, in that there has been a general decline in blood lead levels over the decade of the
1970's; they differ, however, with regard to the magnitude of the decline, when the decline
began, and to what extent the decline may be attributable to a particular source of lead.

Oxley (1982) reported an analysis of blood lead levels found in blood samples drawn as a
part of preemployment medical examinations conducted by a major U.K.-based oil company during
1967-69 and 1978-80. Blood samples were collected by venipuncture and analyzed for lead by
two different methods. A comparative laboratory study also reported by Oxley suggested that
the data could be adjusted from one method to the other. Geometric mean blood lead levels de-
clined from 20.2 to 16.6 ug/dl.

Elwood (1983a) reported a time trend analysis of blood lead levels observed in adult
women studied over a 10-year period in eight surveys conducted in a variety of locations in
Wales. These were analyzed and examined for trends in blood lead levels. All women included
in this analysis came from surveys which were designed to generate representative samples of
adult women in residential areas. A high response rate (90 percent or more) was obtained in
each of the surveys. Venous blood samples were collected and analyzed for lead. A single
laboratory performed all of the analyses with an external reference laboratory performing
quality control checks in some of the surveys. Overall mean blood lead levels for the various
surveys fell more than 30 percent over the period 1972-1982. Two of the surveys were con-
ducted in the same area. Between 1974 and 1982, the mean blood lead concentration fell 37
percent. Surveys from mining areas showed that women there had higher blood lead levels than
in non-mining areas.

Elwood acknowledges that laboratory drift may be present in the data and also that the
surveys did not generate strictly comparable samples. Still, the observed decline was thought
to be real. No statistical analysis of the data is presented to examine the possible reasons
for the observed decline, but a number of possible environmental reasons were discussed. Re-
duced gasoline lead exposures as a reason were dismissed on the basis that while the lead con-
centration in gasoline had indeed declined, the overall use of petrol in England had in-
creased, therefore balancing the reduction. However, no data regarding traffic patterns or
gasoline usage in Wales were presented to verify this reasoning. A portion (amount unspeci-
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fied) of the reduction was attributed to a drop in dietary intake of lead due to the reduced
use of canned foods.

Elwood (1983b) also presents data from a more homogeneous setting. In 1969 a hematologic
survey of a random sample of 4070 women was conducted in one town in Wales. Detailed studies
were made of 121 of these women whose hemoglobin levels were below 10.5 g/100 ml. Samples of
their whole blood were deep frozen, and follow-up samples were obtained for some of the same
women in 1982. Follow-up and loss of original samples resulted in there being 26 women with
an available blood lead at both times and who were still living at the same address. The mean
fall in blood lead levels for these women was 23 percent, representing a fall of 3.5 pg/100
ml. Again Elwood does not attribute the decline to changes in gasoline lead or water supply,
but instead suggests that it may be due to changes in dietary intake although noting there are
no data on which to base a judgment.

King (1983), in commenting on the results of Elwood (1983a), noted that the blood lead
values before 1975 were probably falsely elevated due to matrix problems in the chemical ana-
lysis. This means the magnitude of the observed decline is probably less than that quoted by
Elwood (1983b). King (1983) further examined the question of the time trend by controlling
for region of Wales and reported that Elwood1s data showed a 50 percent increase in blood lead
levels from 1981 to 1982, a most unlikely outcome. Pirkle and Annest (1984) have also criti-
cized the Elwood .(1983a) paper and concluded that various factors make reliable interpreta-
tions of Elwood's data extremely difficult.

Quinn (1983) reports on the summarized findings of two large-scale survey effects in 1979
and 1981. Broad comparisons within the same authority showed an overall reduction approaching
10 percent (1 ug/100 ml). Quinn himself states, however, that these two survey efforts are
not strictly comparable in that the first round focused on representative population groups
while the second round focused on areas where lead may have presented a problem. No effort
was made to attribute the decline in blood lead levels to a particular source.
11.3.5.6 Other Studies. Okubo et al. (1983) examined a total of 1933 children from 5 to 18
years of age for blood lead using the Hessel method over the period 1975 to 1980 in an urban
area of Tokyo and in a nearby suburban area. The analysis of all blood lead was done by the
same laboratory. Over the time period of the study an apparent decrease in blood lead is
shown. A part of the difference in blood lead between urban and suburban groups is related to
the difference in average lead concentrations between the two areas. The difference of blood
lead between urban and suburban becomes greater when the comparison of blood lead between the
two areas is executed only among children who have lived in the same areas from their birth.

In an international study discussed in detail earlier, Friberg and Vahter (1983) compared
data on blood lead levels obtained in 1967 with data for 1981 (see Table 11-12). For areas of
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TABLE 11-12. COMPARISON OF MEDIAN BLOOD LEAD LEVELS (ug/dl) IN SEVERAL COUNTRIES
FROM STUDIES OF GOLDWATER AND HOOVER (1967) AND FRIBERG AND VAHTER (1983)

Country

Japan
Israel
United States
Yugoslavia

Median blood lead
1967

21.0
15.0
18.0
15.0

Median blood lead
1981

6.0
8.2
7.5
9.2

% change
from 1967

71
45
58
39

the world where there were data collected by Goldwater and Hoover (1967) as well as the UN/WHO
study, there has been a substantial reduction in reported blood lead levels. A cautionary
note must be made, however, that the analytic and human sampling procedures are not the sane
in the two studies. Therefore these data should be thought of as providing further but
limited evidence supporting a recent downward trend in blood lead levels worldwide.

11.3.6 Gasoline Lead as an Important Determinant of Trends in Blood Lead Levels
As noted in the preceding section, explanations have been sought for declining trends in

blood lead levels observed among population groups in the United States and certain other
countries since the early 1970s. Also noted was evidence presented by some investigators
which strongly suggests that gasoline lead usage is a major determinant of the reported down-
ward trends in blood lead levels. The present section examines additional, extensive evidence
which points towards gasoline lead being an important determinant of changes in blood lead
levels associated with exposures to airborne lead of populations in the United States and
elsewhere.
11.3.6.1 NHANES II Study Data. Blood lead data from the second National Health and Nutrition
Examination survey (NHANES II) were described earlier in Sections 11.3.3.1 and 11.3.5.1. One
striking feature of the NHANES II data was a dramatic,, decline in nationwide average blood lead
levels in the United States during the period (1976 to 1980) of the survey. In evaluating
possible reasons for the observed decrease in the NHANES II blood lead values, Annest et al.
(1983a) found highly significant associations between the declining blood lead concentrations
for the overall U.S. population and decreasing amounts of lead used in gasoline in the U.S.
during the same time period (see Figure 11-11). The associations persisted after adjusting
for race, age, sex, region of the country, season, income, and degree of urbanization (see
Table 11-13). Analogous strong associations (r = 0.95; p < 0.001) were also found for blood
lead levels for white children aged 6 months to 5 years in the NHANES II sample and gasoline
lead usage (Annest et al., 1983a).

11-42



Oo
£

(A

110

100

90

80

o

K 70
Ulo.

60

60

LEAD USED IN
GASOLINE

AVERAGE
BLOOD

LEAD LEVELS

A

16

15

14

13 O
UJ

12

11

10

— 9

&

ao
o
CD
Ul
O

oc

1976 1977 1978 1979 1980

YEAR

Figure 11-11. Parallel decreases in blood lead values observed in the
NH ANES II study and amounts of lead used in gasoline during 1976-1980.

Source: Annest (1983).



11-13. PEARSON CORRELATION COEFFICIENTS BETWEEN THE AVERAGE BLOOD LEAD LEVELS
FOR SIX-MONTH PERIODS AND THE TOTAL LEAD USED IN GASOLINE PRODUCTION

PER SIX MONTHS, ACCORDING TO RACE, SEX, AND AGE3

Overall (all races)

AT

Al

By

By

1 black6

1 whites

sex: Male

Female

age: 0.5-5 yr

6-17 yr

18-74 yr

Coefficients
January-June

and July-December

0.920

0.678

0.929

0.944

0.912

0.955

0.908

0.920

for 6-month periods
April -September .
and October-March

0.938

0.717

0.955

0.960

0.943

0.969

0.970

0.924

Averages

0.929

0.698

0.942

0.952

0.928

0.962

0.939

0.922

The lead values used to compute the averages were preadjusted by regression analysis to
account for the effects of income, degree of urbanization, region of the country, season,
and, when appropriate, race, sex, and age.
All correlation coefficients were statistically significant (p < 0.001) except those for
blacks (p < 0.05).
^Averages were based on six-month periods, except for the first and last time periods ,
which covered only February 1976 through June 1976 and January 1980 through February 1980,
respectively.
Averages were based on six-month periods, except for the last time period, which covered
only October 1979 through February 1980.
8B lacks could not be analyzed according to sex and age subgroups because of inadequate sample
sizes.

Questions have been raised by some coramentors regarding whether or not (1) the NHANES II
survey design was adequate to allow for credible definition of time trends for nationwide
average blood lead concentrations, (2) the reported significant associations between NHANES II
blood lead data and U.S. gasoline usage are credible and reflect a causal relationship, and
(3) tiie entire decline in blood lead values is attributable to decreased gasoline lead usage
vers'i.s changes in other sources of lead exposure. These issues and alternative analyses con-
cerning the NHANES II blood lead/gasoline lead relationships were evaluated by an expert panel
(the NHANES II Time-Trend Analysis Review Group) convened by EPA.
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The NHANES II Time-Trend Analysis Review Group (1983) found the following: (1) strong
evidence that there was a substantial decline in the average level of blood lead in the U.S.
population during the NHANES II survey period; (2) after adjustment for relevant demographic
covariables, the magnitude of the change can be estimated for the total U.S. population and
for some major subgroups, provided careful attention is given to underlying model assumptions.
The Review Group also found a strong correlation between gasoline-lead usage and blood-lead
levels, and noted that in the absence of scientifically plausible alternative explanations,
the hypothesis that gasoline lead is an important causal factor for blood-lead levels must
receive serious consideration. Nevertheless, despite the strong association between the
decline in gasoline-lead usage and the decline in blood-lead levels, the survey results and
statistical analyses do not confirm the causal hypothesis. Rather, this finding is based on
the qualitatively consistent results of extensive analyses done in different but complementary
ways.

Further support for strong, likely causative, relationships between gasoline lead usage
and blood lead levels in the U.S. is provided by analyses carried out by Schwartz et al.
(1984). Those analyses not only evaluated NHANES II data, but, also, additional blood lead
data such as blood lead values from U.S. childhood lead-screening programs. Results obtained
were quite similar to those of Annest et al. (1983b), even after controlling for possible
alternative contributors to the blood lead decline, e.g., deleading of lead-painted housing
units or decreased food lead intake. Large numbers (thousands) of children were also esti-
mated by the analysis to have blood lead levels in excess of 30 ug/dl due in part to exposures
to lead emitted as a consequence of leaded gasoline usage in the United States.

Still further evidence for causative relationships between gasoline lead usage and
changes in human blood lead levels is provided by isotope studies of the type described next.
11.3.6.2 Isotope Studies. Two field investigations have attempted to derive estimates of the
amount of lead from gasoline that is absorbed by the blood of individuals. Both of these in-
vestigations used the fact that non-radioactive isotopes of lead are stable. The varying pro-
portions of the isotopes present in blood and environmental samples can indicate the source of
the lead. The Isotopic Lead Experiment (ILE) is an extensive study that attempted to use dif-
fering proportions of the isotopes in geologic formations to infer the proportion of lead in
gasoline that is absorbed by the body. The other study used existing natural shifts in iso-
topic proportions in an attempt to do the same thing.
11.3.6.2.1 Italy. The ILE is a large-scale community study in which the geologic source of
lead for antiknock compounds in gasoline was manipulated to change the isotopic composition of
the atmosphere (Garibaldi et al., 1975; Facchetti, 1979; Facchetti, 1985). Preliminary inves-
tigation of the environment of Northwest Italy, and the blood of residents there, indicated
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that the ratio of 206Pb/207Pb in blood was a constant, about 1.16, and the ratio in gasoline
was about 1.18. This preliminary study also suggested that it would be possible to substitute
for the currently used geologic sources of lead for antiknock production a geologically dis-
tinct source of lead from Australia that had an isotopic 206Pb/207Pb ratio of 1.04. It was
hypothesized that the resulting change in blood lead 208Pb/207Pb ratios (from 1.16 to a lower
value) would indicate the proportion of lead in the blood of exposed human populations attri-
butable to lead in the air contributed by gasoline combustion in the study area.

Baseline sampling of both the environment and residents in the geographic areas of the
study was conducted in 1974-1975. The sampling included air, soil, plants, lead stock, gaso-
line supplies, etc. Human blood sampling was done on a variety of populations within the
area. Both environmental and human samples were analyzed for lead concentrations as well as
isotopic 20«Pb/207Pb composition.

In August, 1975, the first switched (Australian lead-labeled) gasoline was introduced;
although it was originally intended to get a 100 percent substitution, practical and logisti-
cal problems resulted in only a 50 percent substitution being achieved by this time. By May,
1977, these problems were worked out and the substitution was practically complete. The sub-
stitution was maintained until the end of 1979, when a partial return to use of the original
sources of lead began. Therefore, the project had four phases: phase zero - background;
phase one - partial switch; phase two - total switch; and phase three - switchback.

Airborne lead measurements were collected in a number of sites to generate estimates of
the lead exposure that was experienced by residents of the area. Turin, the major city of the
region, was found to have a much greater level of atmospheric lead than the surrounding coun-
tryside. There also appeared to be fairly wide seasonal fluctuations.

The isotopic lead ratios obtained in the samples analyzed are displayed in Figure 11-12.
It can easily be seen that the airborne particulate lead rapidly changed its isotope ratio in
line with expectations. Changes in the isotope ratios of the blood samples appeared to lag
somewhat behind. Background blood lead ratios for adults were 1.1591 ± 0.0043 in rural areas
and 1.1627 ± 0.0022 in Turin in 1975. For Turin adults, a mean isotopic ratio of 1.1325 was
obtained in 1979, clearly less than background. Isotopic ratios for Turin schoolchildren,
obtained starting in 1977, tended to be somewhat lower than the ratios for Turin adults.

Preliminary analysis of the isotope ratios in air lead allowed for the estimation of the
fractional contribution of gasoline in the city of Turin, in small communities within 25 km of
Turin, and in small communities beyond 25 km (Facchetti and Geiss, 1982). At the time of
maximal use of Australian lead isotope in gasoline (1978-1979), about 87.3 percent of the air
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lead in Turin and 58.7 percent of the air lead in the countryside was attributable to gaso-
line. The determination of lead isotope ratios was essentially independent of air lead con-
centrations. During that time, air lead averaged about 2.0 pg/m3 in Turin (from 0.88-4.54
pg/m3 depending on location of the sampling site), about 0.56 ug/m3 in the nearby communities
(0.30-0.67 ug/m3) and about 0.30 ug/m3 in more distant (> 25 km) locations. It is important
to note that the contribution calculations are for local lead in gasoline, not all lead from
gasoline. Large movements of air masses brought in air lead from other regions, especially
for the suburban and urban areas. In the absence of nearby lead industrial sources, this air
lead was at least substantially composed of non-Australian gasoline lead and would therefore
lead to an underestimate of the total contribution of gasoline lead to blood lead.

Blood lead concentrations and isotope ratios for 63 adult subjects were determined on two
or more occasions during phases 0-2 of the study. Their blood lead isotope ratios decreased
over time and the fraction of lead in their blood attributable to the Australian lead-labeled
gasoline could be estimated independently of blood lead concentration (see Appendix C for
estimation method). The mean fraction of blood lead attributable to the Australian lead-
labeled gasoline ranged from 21.4 ± 10.4 percent in Turin to 11.4 ± 7.3 percent in the nearby
(< 25 km) countryside and 10.1 ±9.3 percent in the remote countryside. These likely represent
minimal estimates of fractions of blood lead derived from gasoline due to the following
reasons: (1) use of some non-Australian lead-labeled gasoline brought into the study area
from outside; (2) probable insufficient time to have achieved steady-state blood lead isotope
ratios by the time of the switchback; and (3) probable insufficient time to fully reflect de-
layed movement of the Australian lead from gasoline via environmental pathways in addition to
air

These results can be combined with the actual blood lead concentrations to estimate the
fraction of gasoline uptake attributable or not attributable to direct inhalation. The
results are shown in Table 11-14 based upon the concept outlined in Facchetti and Geiss
(1982). From Section 11.4.1, we conclude that an assumed value of p=1.6 is plausible for
predicting the amount of lead absorbed into blood -at air lead concentrations less than 2.0
|jg/m3. The predicted values for lead from gasoline in air (in the ILE) range from 0.28 to
2. 79 ug/dl in blood due to direct inhalation. The total contribution to blood lead from
gasoline is much larger, from 3.21 to 4.66 ug/dl, suggesting that the non-inhalation con-
tribution of gasoline increases from 1.88 ug/dl in Turin to 2.33 ug/dl in the near region and
2.93 ug/dl in the more distant region. The non-inhalation sources include ingestion of dust
and soil lead, and lead in food and drinking water. Efforts are being made to quantify the
magnitude of these sources. The average direct inhalation of lead in the air from gasoline
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TABLE 11-14. ESTIMATED CONTRIBUTION OF LEADED GASOLINE TO BLOOD LEAD
BY INHALATION AND NON-INHALATION PATHWAYS

Location

Turin
<25 km
>25 km

Air Pb
fraction
from
gasoTv
line

0.873
0.587
0.587

Mean
air
Pb (b)cone. , '
Mg/m3

2.0
0.56
0.30

Blood Pb
fraction
from
9as°7 r)line

0.214
0.114
0.101

Mean
blood
Pb (d)cone. , '
Mg/dl

21.77
25.06
31.78

Blood
Pb
from
gaso-f .
line,tej
Mg/dl

4.66
2.86
3.21

Pb
from
gaso-
line f -
in air/T
Mg/dl

2.79
0.53
0.28

Non-
inhaled
Pb from

> ?ine,(9)
Mg/dl

1.88
2.33
2.93

Estimated
fraction
gas-Pb
inhalar
tion(R)

0.60
0.19
0.09

^•'Fraction of air lead in Phase 2 attributable to lead in gasoline.
^ 'Mean air lead in Phase 2, M9/™3-
(c)
(d)
(e)

Mean fraction of blood lead in Phase 2 attributable to lead in gasoline.
Mean blood lead concentration in Phase 2, pg/dl.
Estimated blood lead from gasoline = (c) x (d)

^ ^Estimated blood lead from gasoline inhalation = $ x (a) x (b), p = 1.6.
(g)
(h),

Estimated blood lead from gasoline, non-inhalation = (f)-(e)
'Fraction of blood lead uptake from gasoline attributable to direct inhalation = (f)/(e)

Data: Facchetti and Geiss (1982); Facchetti (1985).

is 9 to 19 percent of the total intake attributable to gasoline in the countryside and an
estimated 60 percent in the city of Turin. Note that in this sample, the blood lead con-
centrations were lowest in the city and highest in the more remote areas. This is not
obviously attributable to sex because the city sample was all male. Facchetti (1985) notes
that factors unaccounted for are presumably acting on the population of the ILE test area.
The lead concentration in tapwater in Turin is approximately 4 M9/1» while it ranges in the
country from 12 to 20 M9/1- Also, lead concentrations in Piedmont wines averaged 155 ± 67
Mg/1. Daily wine consumption for rural drinkers ranges from 0.5 to 1 liter per day. Thus the
importance of wine consumption becomes evident. Other differences between city and county may
play a role. A more detailed statistical investigation is needed.

Spengler et al. (1984) have developed a modeling approach to try to explain these
results. Their hypothesized model suggests that in-vehicle lead exposure is important and may
explain part of the apparent anomaly of the blood lead levels in this study. That is,
Spengler et al. (1984) hypothesized that there is a large component of personal lead exposure
associated with gasoline use that is not captured by stationary ambient air lead monitors:
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personal exposure while riding in and working around motor vehicles using leaded gas. More
work on this problem is needed, particularly conduction of near- and in-vehicle studies.

Lead uptake may also be associated with occupation, sex, age, smoking, and drinking
habits. The linear exposure model used in Section 11.4 was also used here to estimate the
fraction of labeled blood lead from gasoline attributable to exposure via direct inhalation
and other pathways. EPA used the data in Facchetti and Geiss (1982) for the 35 subjects for
whom repeated measurements allowed estimation of the change in isotope ratios in the blood.
Their blood lead concentrations in Phase 2 were also determined, allowing for estimation of
the total gasoline contribution to blood lead. Possible covariates included sex, age,
cigarette smoking, drinking alcoholic beverages, occupation, residence location, and work
location. In order to obtain ;--e crude comparisons with the inhalation exposure studies of
Section 11.4.1, EPA analyses .-igned the air lead values listed in Table 11-15 to various
locations. Lower values for ai lead in Turin would increase the estimated blood lead inhala-
tion slope above the estimated value of 1.70. Since the fraction of time subjects were
exposed to workplace air was not known, this was also estimated from the data as about 41
percent (i.e., 9.8 hours/ day). The results are shown in Figure 11-13 and Table 11-16. Of
all the available variables, only location, sex, and inhaled air lead from gasoline proved
statistically significant in predicting blood lead attributable to gasoline. The model
predictability is fairly good, with an R2 value of 0.654. It should be noted that a certain
amount of confounding of variables was unavoidable in this small set of preliminary data,
e.g., no female subjects in Turin or in occupations of traffic wardens, etc. There was a
systematic increase in estimated non-inhalation contributions from gasoline use for remote
areas, but the cause is unknown. The following interpretation for these results may be
offered: The air lead measurements used here represent community or ambient exposures. In
addition to the ambient air lead, there may have also been systematic differences in personal
exposure Nevertheless, the estimated non-inhalation contribution of gasoline to blood lead
in the ILE study is significant (i.e., 1.8-3.4 pg/dl).

TABLE 11-15. ASSUMED AIR LEAD CONCENTRATIONS FOR MODEL

Residence or workplace code 1-4 5 6
Location outside Turin Turin residential Turin central
Air lead concentration (a) 1.0 M9/"i 2.5 ug/m3^

(a"i Use value for community air lead, 0.16 - 0.67 \iq/m2.
(b.) Intermediate between average traffic areas (1.71 ug/m3) and low traffic areas (0.88 ug/m3

in Turin.
(c) Intermediate between average traffic areas (1.71 ug/m3) and heavy traffic areas (4.54

)jg/m3) in Turin.
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TABLE 11-16. REGRESSION HODEL FOR BLOOD LEAD ATTRIBUTABLE TO GASOLINE

Variable Coefficient 1 standard error
Air lead from gas

Location
Turin
<25 lun
>25 km

Sex

1.70 ±1.04 pg/dl per

1.82 1 2.01
2.56 t 0.59
3.42 ±0.85 ug/dl

-2.03 ±0.48 pg/dl for women
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The preliminary linear analysis of the overall ILE data set (2161 observations) found
that total blood lead levels depended on other covariates for which there were plausible
mechanisms of lead exposure, including location, sucking, alcoholic beverages, age, and occu-
pation (Facchetti and Geiss, 1982). The difference between total blood lead uptake and blood
lead uptake attributable to gasoline lead has yet to be analyzed in detail, but these analyses
suggest that certain important differences may be found. Some reservations have been expres-
sed about the ILE study, both by the authors themselves and by Elwood (1983c). These include
unusual conditions of meteorology and traffic in Turin, and demographic characteristics of the
35 subjects measured repeatedly that may restrict the generalizability of the study.
Facchetti (1985) reports additional analysis which increases the number of blood leads from 35
to 63, alleviating this concern to some extent since the new results confirm the old. How-
ever, it is clear that changes in air lead attributable to gasoline were tracked by changes in
blood lead in Turin residents. The airborne particulate lead isotope ratio quickly achieved
new equilibrium levels as the gasoline isotope ratio was changed, and maintained that level
during the 2*i years of Phase 2. The blood lead isotope ratios fell slowly during the change-
over period, and rose again afterwards as shown in Figure 11-12. Equilibrium was not clearly
achieved for blood lead isotope ratios, possibly due to large endogenous pools of old lead
stored in the skeleton and slowly mobilized over time. Even with such reservations, this
study provides a useful basis for relating blood lead and air lead derived from gasoline com-
bustion. Colombo and Fantechi (1983) have presented an analysis of the ILE study using a
dynamic model. The results of their analysis suggest that an appropriate estimate of the con-
tribution of locally consumed gasoline lead to blood lead is 26, 17, and 14 percent for the
subject groups of Turin, and near and far countryside, respectively. These values are similar
to but somewhat larger than those presented by Facchetti and Geiss (1982) and Facchetti
(1985).
11.3.6.2.2 United States. Manton (1977) conducted a long-term study of 10 subjects whose
blood lead isotopic composition was monitored for comparison with the isotopic composition of
the air they breathed. Manton had observed that the ratio of 20«Pb/204Pb in the air varied
with seasons in Dallas, Texas; therefore, the ratio of those isotopes should vary in the
blood. By comparing the observed variability, estimates could then be made of the amount of
lead in air that is absorbed by the blood.

Manton took monthly blood samples from all 10 subjects from April, 1974 until June, 1975.
The blood samples were analyzed for both total lead and isotopic composition. The recruited
volunteers included a mix of males and females, and persons highly and moderately exposed to
lead. However, none of the subjects was thought to be exposed to more than 1 pg/m3 of lead in
air. Lead in air samples was collected by hi-vol samplers primarily from one site in Dallas.
That site, however, had been shown earlier to vary in isotopic composition paralleling another

11-52



site some 16 miles away. All analyses were carried out under clean conditions with care and
caution being exercised to avoid lead contamination.

The isotope ratio of 206Pb/204Pb increased linearly with time from about 18.45 to 19.35,
approximately a 6 percent increase. At least one of the two isotopic lead ratios increased
linearly in 4 of the 10 subjects. In one other, they increased, but erratically. In the
remainder of the subjects, the isotopic ratios followed smooth curves showing inflection
points. The curves obtained for the two subjects born in South Africa were 6 months out of
phase with the curves of the native-born Americans. The fact that the isotope ratios in 9 of
the 10 subjects varied regularly was thought to indicate that the non-airborne sources of lead
varied in isotopic composition very slowly.

The blood lead levels exhibited a variety of patterns, although none of the subjects
showed more than a 25 percent change from initial levels. This suggests a reasonably steady-
state external environment.

Manton carried his analyses further to estimate the percentage of lead in blood that
comes from air. He estimated that the percentage varied from 7 to 41 percent, assuming that
dietary sources of lead had a constant isotopic ratio while air varied. He calculated the
percent contribution according to the following equation.

q b——a—— = —— where
100+q a (11-1)

b = rate of change of an isotope ratio in blood,

a = rate of change of the same ratio in the air, and

q = constant defined as the number of atoms of the isotope in the
denominator of the airborne lead ratio mixed with 100 atoms of
the same isotope of lead from non-airborne sources.

The results are shown in Table 11-17. Slopes were obtained by least squares regression.
Percentages of airborne lead in blood varied between 7 ± 3 and 41 ± 3.

Stephens (1981) extended the analysis of data in Wanton's study (Table 11-18). He used
the observed air lead concentrations based on actual 24-hour air lead exposures in three
adults. He assumed values for breathing rate, lung deposition, and absorption into blood to
estimate the blood lead uptake attributable to 204Pb by the direct inhalation pathway. Sub-
jects 5, 6, and 9 absorbed far more air lead in fact than was calculated using the values in
Table 11-17. The total air lead contribution for those subjects was 8.4, 4.4, and 7.9 times,
respectively, larger than the direct inhalation. These estimates are sensitive to the assumed
parameter values.

11-53



TABLE 11-17. RATE OF CHANGE OF 206Pb/204Pb AND 206Pb/207pb
IN AIR AND BLOOD, AND PERCENTAGE OF AIRBORNE LEAD IN BLOOD OF SUBJECTS 1, 3, 5, 6, AND 9

Subject Rate of change per day
206pb/20jpb 206Pb/207.

(Air)
1
3
5
6
9*

X 10

17.60 ±
• . •

5.52 ± 0
. . .

6.53 ± 0
3.25

Pb
X 10

0.77

.55

.49

9.
0.

3.
4.
2.

97 ±
70 ±

13 ±
10 ±
01

0.
0.

0.
0.

42
30

34
25

Percentage of airborne lead in blood
From

206f)b/207pb

31.

37.
18.

* • •

4 ± 3.4
• 4 «

1 ± 2.8
5

From
20$Pb/207pb

31.
41.
20.

7 ±
.
4 ±
1 ±
0

3

3.7
3.0

Note: Errors quoted are one standard deviation

*From slope of tangent drawn to the minima of subject's blood curves. Errors
cannot realistically be assigned.

TABLE 11-18. CALCULATED BLOOD LEAD UPTAKE FROM AIR LEAD USING MANTON ISOTOPE STUDY

Blood uptake from. air

Sub-
ject

5

6

9

Concen-
tration

0.22 Mg/">3

1.09 ug/m3

0.45 MQ/rn3

Expo-
sure*

15 m3/day

15 m3/day

15 m3/day

Deposi-
tion*

37%

37%

37%

Absorp-
tion*

50%

50%

50%

0.

3.

1.

Calcu-
lated
inhala-
tion

61 ug/d

0 pg/d

2 pg/d

Fraction of
lead uptake
from gasoline

Observed

5.

13.

9.

1

2

9

pg/d
pg/d

(jg/d

by direct
inhalation

0

0

0

.120

.229

.126

^assumed rather than measured exposure, deposition and absorption.
•»

Source: Stephens, 1981, based on Manton, 1977; Table III.

In Manton (1985) the earlier isotope studies were greatly extended and the results
were reinterpreted. The recent study emphasized time changes in blood lead and in
206Pb/207Pb isotope ratios in three subjects in Dallas, Texas, from 1974 to 1983. Two of the
subjects described earlier (Manton, 1977) were included here, a husband (subject 8) and his
first wife (subject 9). The more recent subject was the husband's second wife. The husband
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had grown up in South Africa and in England; thus he had deep bone pools of lead that reflec-
ted the Australian lead isotope ratio. As noted earlier, the husband's seasonal minima in
isotope ratio appeared to be the opposite of the two women with whom he shared a very similar
pattern of environmental exposures. Manton (1985) now attributes this to a large efflux of
lead from the skeletal pool. The husband's estimated dietary intake was 55 ug/day. If 10
percent of this is absorbed into blood (5.5 ug/day), mean residence time of 40 days and volume
of distribution of 75 dl imply a dietary contribution to blood lead of about 3 ug/dl, much
less than his observed average of 17 ug/dl. There was little indication of large changes in
diet lead isotope ratio during this period, hence the changes in blood lead isotope ratio may
be attributed to changes in the air lead particulate isotope ratio, and to changes in isotope
ratio for endogenous sources. Manton attributes the large changes in isotope ratio in the
husband to changes in isotope ratio from lead resorbed from bone into the blood. His estimate
is that approximately 70 percent of the daily blood input is due to the endogenous skeletal
pool of this subject. The subject's wife also exhibited a variety of fluctuations in blood
lead level and isotope ratio due to childbirth and to short-term fluctuations in dietary lead.
The apparent effect of childbirth was to increase resorption of both skeletal calcium and
skeletal lead into blood. The contribution of airborne lead to blood lead isotope ratios thus
did not require correction for long-term secular changes in dietary lead isotope ratios. On
this basi-s the direct inhalation contribution was again calculated as about 20 to 60 percent
of the total uptake of atmospheric lead using p = 4.1. Manton's calculations are shown in
Table 11-19. The cumulative effects of long-term lead absorption on the mobilizable lead pool
in the skeleton have been ignored, but are apparently not negligible.

In summary, the direct inhalation pathway accounts for only a fraction of the total air
lead contribution to blood, the direct inhalation contribution being on the order of 12-23
percent of the total uptake of lead attributable to gasoline, using Stephen's assumptions, and
20-60 percent based on Manton1s analysis. This is consistent with estimates from the ILE
study, taking into account the much higher air lead levels in Turin.
11.3.6.3 Studies of Childhood Blood Lead Poisoning Control Programs. Billick et al. (1979)
presented several possible explanations for the observed decline (described in Section
11.3.5.2) in blood lead levels in New York City children as well as evidence supporting and
refuting each. The suggested contributing factors include the active educational and screen-
ing program of the New York City Bureau of Lead Poisoning Control, the decrease in the amount
of lead-based paint exposure as a result of rehabilitation or removal of older housing, and
changes in environmental lead exposure.
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TABLE 11*19. RESPIRED AND OTHER INPUTS OF AIRBORNE Pb TO BLOOD FOR SOME DALLAS RESIDENTS IN 1975'

Subject
no.

3

6

8

9

Blood Pb,
MQ/dl

8.4

12.6

5.5

17.4

lota) Pb input,
ug/day

IS

30

9.3

45

Percent
airborne Pb
in blood

31

39

>33

20

Total Input
airborne Pb,

ug/day

4.5

11.7

>3.1

9.0

Airborne Pb, 24-hr
concentration,

0.22

1.09

0.45C

0.45

. Respired
r M9/«Uy

12 0.91

4.5 4.5

>4.1 1.9

7.7 1.9

Airborne
other,
ug/day

3.6

7.2

>1.2

7.1

Pb
Respired Y

Respired i other1

20

38

>61

21

"Data in first five coluwis for subjects 3, 6, and 9 recalculated.
bp is defined as the Increment in blood Pb concentration (ug/dl) per unit increaent in airborne Pb concentration

CFfaction of airborne Pb in subject 8 calculated froei e**»ured isotope ratios of air, blood, and diet on two
occasions in 1976. Figures quoted are MiniM because skeletal input, which Mould have had an isotope
ratio less than that of the diet, has been ignored.
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Information was only available to partially evaluate the last source of lead exposure and
particularly only for ambient air lead levels. Air lead measurements were available during
the entire study period for only one station which was located on the west side of Manhattan
at a height of 56 m. Superposition of the air lead and blood lead levels indicated a simi-
larity in seasonal cycle and long-term decline. The authors cautioned against overinterpre-
tation because of the necessary assumptions in this analysis and because one air monitoring
site was used to be representative of the air lead exposure of New York City residents. With
this in mind, the investigators fitted a multiple regression model to the data to try to
define the important determinants of blood lead levels for this population. Age, ethnic
group, and air lead level were all found to be significant determinants of blood lead levels.
The authors further point out the possibility of a change in the nature of the population
being screened before and after 1973. They reran this regression analysis separately for
years both before and after 1973. The same results were still obtained, although the exact
coefficients varied.

Billick et al. (1980) extended their previous analysis of the data from the single moni-
toring site mentioned above. The investigators examined the possible relationship between
blood lead level and the amount of lead in gasoline used in the area. Figures 11-14 and 11-15
present illustrative trend lines in blood leads for blacks and Hispanics versus air lead and
gasoline lead, respectively. Gasoline lead was estimated by multiplying the sales of gasoline
by the estimated concentrations of lead in gasoline. Semiannual concentrations of lead for
the Mid-Atlantic Coast were interpolated to get quarterly values. Sales were computed using
figures for New York, New York plus New Jersey, New York plus Connecticut, or New York plus
New Jersey plus Connecticut: all gave similar results. The lead in gasoline trend line ap-
pears to fit the blood lead trend line better than the air lead trend, especially in the
summer of 1973.

Multiple regression analyses were calculated using six separate models. The best fitting
model had an R2 = 0.745. Gasoline lead content was included rather than air lead. The gaso-
line lead content coefficient was significant for all three racial groups. Partial correla-
tions with gasoline alone were not provided. The authors state a number of reasons for gaso-
line lead providing a better fit than air lead, including the fact that the single monitoring
site might not be representative.

Nathanson and Nudelman (1980) provide more detail regarding air lead levels in New York
City. In 1971, New York City began to regulate the lead content of gasoline sold. Lead in
gasoline was to be totally banned by 1974, but supply and distribution problems delayed the
effect of the ban. Ultimately, regulation of lead in gasoline was taken over by the U.S.
Environmental Protection Agency.
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Figure 11-14. Geometric mean blood lead levels of New York City
children (aged 25-36 months) by ethnic group, and ambient air lead
concentration versus quarterly sampling period, 1970-1976.

Source: Billicfc et al. (1980).
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New York City measured air lead levels during the periods June 1969 to September 1973 and
during 1978 at multiple sites. The earlier monitoring was done by 40 rooftop samplers using
cellulose filters analyzed by AAS. The latter sampling was done by 27 rooftop samplers using
glass fiber filters analyzed by X-ray fluorescence (XRF). There was excellent agreement
between the XRF and atomic absorption analyses for lead (r = 0.985). Furthermore, the XRF
analyses were checked against ERA AAS and again excellent agreement was found. The authors
did, however, point out that cellulose filters are not as efficient as glass fiber filters.
Therefore, the earlier results tend to be underestimates of air lead levels.

Quarterly citywide air lead averages generally declined during the years 1969-1978. The
maximum quarterly citywide average obtained was about 2.5 ug/m3 for the third quarter of 1970.
The citywide trend corresponds to the results obtained from the single monitoring site used in
Biilick et al.'s (1979) analysis. The citywide data suggest that the single monitoring site
in Manhattan is a responsible indicator of air lead level trends. The graph in Figure 11-16
reinforces this assertion by displaying the geometric mean blood lead levels for blacks and
Hispanics in the 25- to 36-month age groups and the quarterly citywide air lead levels for the
periods of interest. A good correspondence was noted.

As part of a detailed investigation of the relationship of blood lead levels and lead in
gasoline covering three cities, Billick (1982) extended the time trend analyses of New York
City blood lead data. Figure 11-17 presents the time trend line for geometric mean blood
leads for blacks aged 25-36 months extended to 1979. Similar results held for other ages.
The downward trend noted earlier was still continuing, although the slopes for both the blood
and gasoline lead seem to be somewhat shallower toward the most recent data. A similar
picture is presented by the percentage of children with blood lead levels greater than 30
(jg/.jl. In the early 70's, about 60 percent of the screened children had these levels; by 1979
the percentage had dropped between 10 and 15 percent.
11. i.b.4 Frankfurt, West Germany. Sinn (1980; 1981) conducted a study specifically examining
the environmental and biological impact of the gasoline lead phasedown implemented in West
Germany on January 1, 1976. Frankfurt am Main provided a good setting for such a study
because of its physical character.

Air and dustfall lead levels at several sites in and about the city were determined be-
fore and after the phasedown was implemented. The mean air lead concentrations obtained
during the study are presented in Table 11-20. A substantial decrease in air lead levels was
noted for the low-level high traffic site (3.18 ug/m3 in 1975-76 to 0.68 ug/m3 in 1978-1979).
No change was noted for the background site while only minor changes were observed for the
other locations. Oustfall levels fell markedly (218 mg/cm2-day for 1972-1973 to 128
mg/on2-day for 1977-1978). Traffic counts were essentially unchanged in the area during the
course of study.
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TABLE 11-20. MEAN AIR LEAD CONCENTRATIONS DURING THE VARIOUS BLOOD SAMPLING
PERIODS AT THE MEASUREMENT SITES DESCRIBED IN THE TEXT

(|jg/m3)

1975-1976
1976-1977
1977-1978
1978-1979

Residential
low traffic

0.57
0.39
0.32
0.39

High traffic
(>20m)

0.59
0.38
0.31
0.31

High traffic
(3m)

3.18
1.04
0.66
0.68

Background
site

0.12
0.09
0.10
0.12

Source: Sinn (1980, 1981).

A number of population groups were included in the study of the blood lead levels; they
were selected for having either occupational or residential exposure to high density automo-
bile traffic. Blood samples were taken serially throughout the study (three phases in
December-January 1975-1976, December-January 1976-1977, and December-January 1977-1978).
Blood samples were collected by venipuncture and analyzed by three different laboratories.
All the labs used AAS although sample preparation procedures varied. A quality control
program across the laboratories was conducted. Due to differences in laboratory analyses,
attrition, and loss of sample, the number of subjects who could be examined throughout the
study was considerably reduced from the initial number recruited (124 out of 300).

Preliminary analyses indicated that the various categories of subjects had different
blood lead levels, and that males and females within the same category differed. A very com-
plicated series of analyses then ensued that made it difficult to draw conclusions because the
various years' results were displayed separately by each laboratory performing the chemical
analysis and by different groupings by sex and category. In Sinn's later report (1981), a
downward trend was shown to exist for males and females who were in all years of the study and
whose blood levels were analyzed by the same laboratory.

11.4 STUDIES RELATING EXTERNAL DOSE TO INTERNAL EXPOSURE
The purpose of this section is to assess the importance of environmental exposures in

determining the level of lead in human populations. Of prime interest are those studies that
yield quantitative estimates of the relationship between air lead exposures and blood lead
levels. Related to this question is the evaluation of which environmental sources of airborne
lead play a significant role in determining the overall impact of air lead exposures on blood
lead levels.
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A factor that complicates the analysis presented here is that lead does not remain sus-
pended in the atmosphere but rather falls to the ground, is incorporated into soil, dust, and
water, and enters the food chain over time (see Figure 11-1). Since man is exposed to lead
from all of these media, as will be demonstrated below, studies that relate air lead levels to
blood lead levels (especially experimental exposure studies) may underestimate the overall
impact of airborne lead on blood lead levels. In observational studies, on the other hand,
the effects of air lead will thus be confounded with lead exposures from other pathways. The
simultaneous presence of lead in multiple environmental media requires the use of multiple
variable analysis techniques or surrogate assessment of all other external exposures. Virtu-
ally no assessments of simultaneous exposures to all media have been done.

There are several key features that characterize good studies relating external exposure
to internal exposure of lead:

(1) The study population is well-defined.
(2) There is a good measure of the exposure of each individual.
(3) The response variable (blood lead) is measured with adequate quality control,

preferably with replicates.
(4) The statistical analysis model is biologically plausible and is consistent with

the data.
(5) The important covariates are either controlled for or measured.

Some studies of considerable importance do not address all of these factors adequately. Key
studies selected for discussion here are those which address enough of these factors suffi-
ciently well to establish meaningful relationships.

The choice of the statistical analysis model is important in determining these relation-
ships (for a more detailed discussion see Appendix 118). The model used is especially criti-
cal in situations where lead is present in relatively low concentrations in one or more
environmental media. A large number of statistical models have been used to predict blood
lead from various environmental media. For simplicity, let PbB = blood lead, E- = environmen-
tal exposure from source j, and b. = the regression coefficient for source j. Using this
notation, the more common models can be written as follows:

Linear Model: PbB = b0 + bi EX * ... + b$ E$ + "error" (11-2)

Linear Model (log form): log(PbB) = Iog(b0 + bt E: + ... + bs E$) + "error" (11-3)

Log-log Model: log(PbB) = Iog(b0) + bx log(Et) + ... * bg log(E$) + "error" (11-4)

Log Total Exposure Model: log(PbB) = b Iog(b0 + b,, E! * ... + b E ) + "error" (11-5)
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Blood samples were collected by venipuncture and analyzed by three different laboratories.
All the labs used AAS although sample preparation procedures varied. A quality control
program across the laboratories was conducted. Due to differences in laboratory analyses,
attrition, and loss of sample, the number of subjects who could be examined throughout the
study was considerably reduced from the initial number recruited (124 out of 300).

Preliminary analyses indicated that the various categories of subjects had different
blood lead levels, and that males and females within the same category differed. A very com-
plicated series of analyses then ensued that made it difficult to draw conclusions because the
various years' results were displayed separately by each laboratory performing the chemical
analysis and by different groupings by sex and category. In Sinn's later report (1981), a
downward trend was shown to exist for males and females who were in all years of the study and
whose blood levels were analyzed by the same laboratory.

11.4 STUDIES RELATING EXTERNAL DOSE TO INTERNAL EXPOSURE
The purpose of this section is to assess the importance of environmental exposures in

determining the level of lead in human populations. Of prime interest are those studies that
yield quantitative estimates of the relationship between air lead exposures and blood lead
levels. Related to this question is the evaluation of which environmental sources of airborne
lead play a significant role in determining the overall impact of air lead exposures on blood
lead levels.

11-63



A factor that complicates the analysis presented here is that lead does not remain sus-
pended in the atmosphere but rather falls to the ground, is incorporated into soil, dust, and
water, and enters the food chain over tine (see Figure 11-1). Since van is exposed to lead
from all of these media, as will be demonstrated below, studies that relate air lead levels to
blood lead levels (especially experimental exposure studies) may underestimate the overall
impact of airborne lead on blood lead levels. In observational studies, on the other hand,
the effects of air lead will thus be confounded with lead exposures from other pathways. The
simultaneous presence of lead in multiple environmental media requires the use of multiple
variable analysis techniques or surrogate assessment of all other external exposures. Virtu-
ally no assessments of simultaneous exposures to all media have been done.

There are several key features that characterize good studies relating external exposure
to internal exposure of lead:

(1) The study population is well-defined.
(2) There is a good measure of the exposure of each individual.
(3) The response variable (blood lead) is measured with adequate quality control,

preferably with replicates.
(4) The statistical analysis model is biologically plausible and is consistent with

the data.
(5) The important covariates are either controlled for or measured.

•

Some studies of considerable importance do not address all of these factors adequately. Key
studies selected for discussion here are those which address enough of these factors suffi-
ciently well to establish meaningful relationships.

The choice of the statistical analysis model is Important in determining these relation-
ships (for a more detailed discussion see Appendix 11B). The model used is especially criti-
cal in situations where lead is present In relatively low concentrations in one or more
environmental media. A large number of statistical models have been used to predict blood
lead from various environmental media. For simplicity/ let PbB = blood lead, E. = environmen-
tal exposure from source j, and b. = the regression coefficient for source j. Using this
notation, the more common models can be written as follows:

Linear Model: PbB = b0 * bx E! * ... + b$ ES * "error" (11-2)
Linear Model (log form): log(PbB) = Iog(b0 + bt Et * ... * b$ E$) + "error" (11-3)

Log-log Model: log(PbB) = Iog(b0) * bx log(Ex) + ... + b$ log(E$) * "error" (11-4)

Log Total Exposure Model: log(PbB) = b Iog(b0 * bt E! + ... * b$ E$) + "error" (11-5)
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Power-Function Model: PbB = b0 + (bx E! + ... + bg ES)C + "error" (11-6)

Cube-root Model: PbB = bQ + bj. (Ex/7'3 + "error" (11-7)

There is no question that the relationship between blood lead and environmental exposure
is nonlinear across the entire range of potential exposures, from very low to high levels. At
lower levels of exposure, however, the various models all provide adequate descriptions of the
observed data. The choice of a model must be based at least in part on the biological mecha-
nisms. At the very least, no model should be adopted which is inconsistent with biological
reality.

The compartment-type metabolic models described in Section 10.3.4 predict a linear
response to total lead intake. Compartment models are described by a system of coupled first-
order linear differential equations for the quantity of lead in various kinetically distinct
body pools, (see Appendix 11-A). These compartments or kinetic pools may or may not corres-
pond to distinct physiological systems. It is well known that if the kinetic rate coeffi-
cients and absorption coefficients in such a model are constant, then the equilibrium blood
lead in a steady-intake environment is

p. R _ (lead absorbed into blood, ug/d) (Pb mean residence time in blood, d) (11-8)
° (PbB volume of distribution, dl)

The only allowable places for nonlinearity in intake are either in the absorption process, or
in the kinetics of lead distribution affecting the residence time. Nonlinearities affecting
distribution volume are less plausible. Some of the evidence relating to these mechanisms was
reviewed in Chapter 10. Chamberlain (1983) and U.S. EPA (1983) have concluded that after
several months of steady exposure to environmental lead, blood lead levels achieve a near-
equilibrium concentration that increases linearly with the ambient concentration no matter
what the exposure pathway (directly by air inhalation, or by ingestion of food, water, dust,
soil, or paint), provided the total exposure does not cause blood lead to exceed 30-40 pg/dl.
However, when total lead exposure by any pathway becomes so great that blood lead levels
greatly exceed 60-80 ug/dl, then the blood lead concentrations increase much more slowly with
increasing exposure concentration than they did at lower levels.

On the other hand, the log-log and cube root models have slopes which approach infinity
as the exposure approaches zero. The curves are so highly nonlinear at low doses that the
models attribute nearly all of the increase of blood lead levels to the lowest exposures,
and attribute relatively little increase to any additional exposures. However, the data of
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Piomelli et al. (1980) on a population of Nepalese exposed to an air lead of 0.00086 MO/"3 had
a geometric mean blood lead level of 3.4 ug/dl. This is similar to the value predicted by the
log-log model of Goldsmith-Hexter.

The following sections give the models as presented by the original authors. In many
cases, EPA has fitted other models in order to show the sensitivity of analysis to the model
selected.

11.4.1 Air Studies
The studies emphasized in this section are those most relevant to answering the following

question: If there is moderate change in average ambient air lead concentrations due to
changes in environmental exposure (at or near existing EPA air lead standards), what changes
are expected in blood lead levels of individual adults and children in the population? Longi-
tudinal studies in which changes in blood lead can be measured in single individuals as re-
sponses to changes in air lead are discussed first. The cross-sectional relationship between
blood lead and air lead levels in an exposed population provides a useful but different kind
of information, since the population "snapshot" at some point in tine does not directly Mea-
sure changes in blood lead levels or responses to changes in air lead exposure. In this
chapter consideration is also restricted to those individuals without known excessive occupa-
tional or personal exposures (except, perhaps, for some children in the Kellogg/Silver Valley
study).

The previously published analyses of relevant studies have not agreed on a single form
for the relationship between air lead and blood lead. All of the experimental studies have at
least partial individual air lead exposure measures, as does the cross-sectional observational
study of Azar et al. (1975). The 1974 Kellogg/Silver Valley study (Yankel et al., 1977) has
also been analyzed using several models. Other population cross-sectional studies have been
analyzed by Snee (1981). The most convenient method for summarizing these diverse studies and
their several analyses is by use of the blood lead - air lead slope O), where B measures the
change in blood lead that is expected for a unit change in air lead. If determined for indi-
vidual subjects in a study population, this slope is denoted B.. If the fitted equation is
linear, then B or 3^ is the slope of the straight line relationship at any air lead level. If
the fitted relationship is nonlinear, then the slope of the relationship measures the expected
effect on blood lead of a small change in air lead at some given air lead value and thus will
be somewhat different at different air lead levels.

A basic assumption here is that the distribution of blood lead in human populations with
homogeneous exposure (same geometric mean blood lead) is lognormal; a second assumption is
that all such lognormal distributions have the same geometric standard deviation (g.s.d.) or
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coefficient of variation (c.v.) It is then possible to calculate the fraction of the popu-
lation in excess of any specific level of blood lead. Most subpopulations not occupationally
exposed to lead have geometric mean blood lead < 20 ug/dl, at which level the effects of a few
|jg/dl change in blood lead can be well approximated by a linear function. On the other hand,
many important experimental studies involve subjects with much higher blood lead. The re-
sponse relationships derived from lead-exposed subjects (blood lead > 30 ug/dl) usually show
much lower slopes b. when blood lead exceeds 40 ug/dl. These two uses of blood lead versus

J
intake models -- to predict the fraction of an exposed population at risk and to predict the
change in blood lead of subjects exceeding a criterion blood lead level when blood lead expo-
sure changes — may require different blood lead slopes b.. These two uses are not neces-

J
sarily inconsistent, e.g., if there was a corresponding increase in biological variability of
response to high levels of intake offsetting the decreased slope. For this reason we sepa-
rately analyze the single-subject and population studies.
11.4.1.1 The Griffin et al. Study. The study of Griffin et al. (1975) has the largest number
of human subjects exposed to atmospheric participate lead at near-ambient conditions, under
conditions of long-term controlled exposure. In two separate experiments conducted at the
Clinton Correctional Facility in 1971 and 1972, adult male prisoner volunteers were sequest-
ered in a prison hospital unit and exposed to approximately constant levels of lead oxide
(average 10.9 ug/m3 in the first study and 3.2 ug/m3 in the second). Volunteers were exposed
in an exposure chamber to an aerosol of submicron-sized particles of lead oxide, which was
prepared by burning tetra-ethyl lead in a propane flame. There was an approximate additional
10-15 percent exposure to ambient organic lead vapor. All volunteers were introduced into the
chamber 2 weeks before the initiation of the exposure; the lead exposures were scheduled to
last 16 weeks, although the volunteers could drop out whenever they wished. Twenty-four vol-
unteers, including 6 controls, participated in the 10.9 ug/m3 exposure study. Not all volun-
teers completed the exposure regimen. Blood lead levels were found to stabilize after appro-
ximately 12 weeks. Among 8 men exposed to 10.9 ug/m3 for at least 60 days, a stabilized mean
level of 34.5 ± 5.1 ug/dl blood was obtained, as compared with an initial level of 19.4 ± 3.3
ug/dl. All but two of the 13 men exposed at 3.2 ug/m3 for a* least 60 days showed increases
and an overall stabilized level of 25.6 ± 3.9 ug/dl was found, compared with an initial level
of 20.5 ± 4.4 ug/dl. This represented an increase of about 25 percent above the base level.

The aerosols used in this experiment were somewhat less complex chemically, as well as
somewhat smaller, than those found in the ambient environment. The particle size obtained was
0.05-0.10 urn, which is smaller than true urban aerosol of 0.3 urn. Griffin et al. (1975), how-
ever, pointed out that good agreement was achieved on the basis of the comparison of their ob-
served blood lead levels with those predicted by Goldsmith and Hexter's (1967) equation; that
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is, Iog10 blood lead = 1.265 + 0.2433 Iog10 atmospheric air lead. The average diet content of
lead was measured and blood lead levels were observed at 1- or 2-week intervals for several
months. Eight subjects received the maximum 4-month exposure to 10.9 uQ/m3; nine subjects
were exposed for 1-3 months. Six subjects had the maximum 4-month exposure to 3.2 ug/m3,
and eight others had shorter exposures.

Compartmental models have been fitted to these data by O'Flaherty et al. (1982) and by
ERA. The basis of these models is that the mass of lead in each of several distinct pools or
compartments within the body changes according to a system of coupled first-order linear dif-
ferential equations with constant fractional transfer rates (Batschelet et al., 1979; Rabino-
witz et al., 1976). Such a model predicts that when the lead intake changes from one constant
level to another, then the relationship between the mass of lead in each compartment and time
with constant intake has a single exponential term.

The subjects at 3.2 vg/m3 exhibited a smaller increase in blood lead, with correspond-
ingly less accurate estimates of the parameters. Several of the lead-exposed subjects failed
to show an increase.

ERA has reanalyzed these data using a two-compartment model for two reasons:

(1) Semi logarithmic plots of blood lead versus time for most subjects showed a two-
component exponential decrease of blood lead during the postexposure or washout
phase of the experiments. Rabinowitz et al. (1977) show that at least two pools
are necessary to model blood lead kinetics accurately. The first pool is tenta-
tively identified with blood and the most labile soft tissues. The second pool
probably includes soft tissues and labile bone pools.

(2) Kinetic models are needed to account for the subjects' lead burdens not being
in equilibrium at any phase of the experiments.

Previously published analyses have not used data for all 43 subjects, particularly for
the same six subjects (labeled 15-20 in both experiments) who served as controls both years.
These subjects establish a baseline for non-inhalation exposures to lead, e.g., in diet and
water, and allow an independent assessment of within-subject variability over time. ERA ana-
lyzed data for these subjects as well as others who received lead exposures of shorter dura-
tion.

The estimated blood lead inhalation slope, p, was calculated for each individual subject
according to the formula

(Change in intake, ug/day) x (mean residence time in blood, day) (11-9)
p ~ (Change in air exposure, |Jg/nr) x (Volume of distribution, dl)
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The changes in air exposure were 10.9-0.15 = 10.75 ug/m3 for 1970-71 and 3.2-0.15 = 3.05 ug/m3

in 1971-72. Paired sample t-tests of equal means were carried out for the six controls and
five subjects with exposure both years, and independent sample t-tests were carried out com-
paring the remaining 12 subjects the first year and nine different subjects the next year.
All standard error estimates include within-subject parameter estimation uncertainties as well
as between subject differences. The following are observations:

(1) Non-inhalation lead intake of the control subjects varied substantially during the
second experiment at 3.2 ug/m3, with clear indication of low intake during the 14-
day pre-exposure period (resulting in a net decrease of blood lead). There was an
increase in lead intake (resulting in either equilibrium or net increase of blood
lead) during the exposure period. Subjects 16 and 20 had substantial increases,
subjects 15 and 19 had moderate increases, and subject 18 had no increase in blood
lead during exposure. Subject 17 had a marked decline in blood lead, but the rate
of decrease was much faster in the pre-exposure period, suggesting an apparent in-
crease of intake during exposure periods even for this subject. These subjects had
not apparently achieved equilibrium in either blood or tissue compartments. Even
though these subjects were not exposed to air lead, the estimated difference between
blood lead intake before and during exposure of the other subjects was used to cal-
culate the apparent inhalation slope at that exposure. The pooled inhalation slope
estimated for all six controls (1.48 ± 0.82 s.e.) was significantly positive (£ =
1.76, one-tailed p <0.05), as shown in Table 11-21. No explanation for the in-
creased lead intake during the winter of 1971-72 can be advanced at this time, but
factors such as changes in diet or changes in resorption of bone lead are likely to
have had an equal effect on the lead-exposed subjects. No statistically significant
changes in the controls were found during the first experiment at 10.9 ug/m3.

(2) Among the controls, the estimated mean residence time in blood was slightly longer
for the first year than the second year, 41.8 ±9.2 days versus 34.6 ±6.5 days, but
a paired sample Z-test found that the mean difference for the controls (7.2 ± 11.2
days) was not significantly different from zero (see Table 11-22).

(3) Among the five subjects exposed to 10.9 ug/m3 the first year and 3.2 ug/m3 the
second year, the mean residence time in blood was almost identical (43.9 ± 9.4
versus 44.7 ±8.7 days).
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TABLE 11-21. GRIFFIN ET AL. (1975) EXPERIMENT INHALATION SLOPE ESTIMATES

Group

Controls
All exposed

At 3.

1.
3.
48
00

2

±
±

ug/m3

0.82
0.76

(n =
(n *

6)*
14)

At

-0.
1.

10.

20
57

9 ug/m2

± 0.27
± 0.26

t

(n =
(n =

6)
17)

Difference 1.52 ± 1.12 1.77 ± 0.37
(Exposed controls)

Pooled: (all subjects) 1.75 ±0.35
_____(without subjects 1,6)**________________1.78 ± 0.35______

*n = number of subjects.
**Subjects 1 and 6 were "non-responders."

TABLE 11-22. GRIFFIN ET AL. (1975) EXPERIMENT MEAN RESIDENCE TIME IN BLOOD

Control

Exposed

3.2 ug/m3
experiment

34.6 ±6.5 days

40.8 ±4.4 days

10.9 ug/m3
experiment

41.8 ±9.2 days

40.6 ±3.6 days

(4) The average inhalation slope for all 17 subjects exposed to 10.9 ug/m3 is 1.77 ±
0.37 when the slope for the controls is subtracted. The corrected inhalation slope
for all 14 subjects exposed to 3.2 ug/"3 is 1.52 ± 1.12, or 1.90 ± 1.14 without
subjects 1 and 6 who were "non-responders." These are not significantly different.
The pooled slope estimate for all subjects is 1.75 ± 0.35. The pooled mean resi-
dence time for all subjects is 39.9 ±2.5 days.

Thus, in spite of the large estimation variability at the lower exposure level, the aver-
age inhalation slope estimate and blood lead half-life are not significantly different at the
two exposure levels. This suggests that blood lead response to small changes in air lead in-
halation is approximately linear at typical ambient levels.
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11.4.1.2 The Rabinowitz et al. Study. The use of stable lead isotopes avoids many of the
difficulties encountered in the analysis of whole blood lead levels in experimental studies.
Five adult male volunteers were housed in the metabolic research wards of the Sepulveda and
Wadsworth VA hospitals in Los Angeles for extended periods (Rabinowitz et al., 1974; 1976;
1977). For much of the time they were given low-lead diets with controlled lead content, sup-
plemented by tracer lead salts at different times.

Four subjects were initially observed in the ward for several weeks. Each subject was in
the semi-controlled ward about 14 hours per day and was allowed outside for 10 hours per day,
allowing the blood lead concentration to stabilize.

Subjects B, D, and E then spent 22~24 hours per day for 40, 25, and 50 days, respective-
ly, in a low-lead room with total particulate and vapor lead concentrations that were much
lower than in the metabolic wards or outside (see Table 11-23). The subjects were thereafter
exposed to Los Angeles air with much higher air lead concentrations than in the ward.

The calculated changes in lead intake upon entering and leaving the low-lead chamber are
shown in Table 11-24. These were based on the assumption that the change in total blood lead
was proportional to the change in daily lead intake. The change in calculated air lead
intakes (other than cigarettes) due to removal to the clean room were also calculated indepen-
dently by the lead balance and labeled tracer methods (Rabinowitz et al., 1976) and are con-
sistent with these direct estimates.

Rabinowitz and coworkers assumed that the amount of lead in compartments within the body
evolved as a coupled system of first-order linear differential equations with constant frac-
tional transfer rates. This compartmental model was fitted to the data. This method of
analysis is described in Appendix 11A.

Blood lead levels calculated from the three compartment model adequately predicted the
observed blood lead levels over periods of several hundred days. There was no evidence to
suggest homeostasis or other mechanisms of lead metabolism not included in the model. There
was some indication (Rabinowitz et al., 1976) that gut absorption may vary from time to time.

The calculated volumes of the pool with blood lead (Table 11-24) are much larger than the
body mass of blood (about 7 percent of body weight, estimated respectively as 4.9, 6.3, 6.3,
4.6, and 6.3 kg for subjects A-E). The blood lead compartment must include a substantial mass
of other tissue.

The mean residence time in blood in Table 11-24 includes both loss of lead from blood to
urine and transfer of a fraction of blood lead to other tissue pools. This parameter reflects
the speed with which blood lead concentrations approach a new quasi-equilibrium level. Many
years may be needed before approaching a genuine equilibrium level that includes lead that can
be mobilized from bones.
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TABLE 11-23. AIR LEAD CONCENTRATIONS* (ug/ra3) FOR TWO SUBJECTS IN THE RABINOWITZ STUDIES

Environment Average Range

Subject A Outside (Sepulveda VA) 1.8 (1.2-2.4)

Inside (Sepulveda VA,
air-conditioned without
filter) 1.5 (1.0-2.7)

Inside (Wadsworth VA,
Open air room) 2.1 (1.8-2.6)

Subject B (Wadsworth VA)

Outside 2.0 (1.6-2.4)

In room (air conditioner
with filter, no purifier) 0.97 (0.4-2.1)

In room (with purifiers,
"clean air") 0.072 (0.062-0.087)

Open-air room 1.9 (1.8-1.9)

Organic vapor lead

Outside 0.10

"Clean air" 0.05

* 5-20 days exposure for each particulate lead filter.

One of the greatest difficulties in using these experiments is that the air lead expo-
sures of the subjects were not aeasured directly, either by personal monitors or by restric-
ting the subjects to the metabolic wards. The times when the subjects were allowed outside
the wards included possible exposures to ground floor and street level air, whereas the out-
side air lead monitor was mounted outside the third-floor window of the ward. The VA hospi-
tal ; are not far from major streets and the subjects' street level exposures could have been
much higher than those measured at about 10 m elevation (see Section 7.2.1.3). Some estimated
ratios between air concentrations at elevated and street level sites are given in Table 7-6.

A second complication is that the inside ward value of ug/m3 (Rabinowitz et al., 1977)
used for subject B may be appropriate for the Wadsworth VA hospital, but not for subject A in
the Sepulveda VA hospital (see Table 11-23). The changes in air lead values shown in Table
LI-24 are thus nominal, and are likely to have systematic inaccuracies much larger than the
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TABLE 11-24. ESTIMATES OF INHALATION SLOPE, p, FOR RABINOWITZ STUDIES

Subject

A
B
C
D
E

Changes in
intake*,
ug/day

17 ± 5*
16 ± 3
15 ± 5*
9 ± 2
12 ± 2

Volume,
kg

7
10
10
9
11

.4 ±

.0 ±

.1 ±

.9 ±

.3 ±

0.
0.
1*
1.
1.

**

6
8
*

2
4

Residence!
time, days

34
40
37
40
27

± 5
± 5
± 5
± 5
± 5

Changes in
air lead11,
(jg/m3

2.5tt
2.0
2.2tt
2.0
2.0

Inhalation
slope, ug/d£
per ug/m3

2.98 ± 1.06
3.56 ± 0.93
2.67 ± 1.04
2.02 ± 0.60
1.59 ± 0.47

Maximyip
slope

4.38 ± 1.
5.88 ± 1.
4.16 ± 1.
3.34 ± 0.
2.63 ± 0.

55
54
62
99
78

*From Rabinowitz et al. (1977), Table VI. Reduced intake by low-lead method for subjects
B, 0, E, tracer method for A, balance method for C. Standard error for C is assumed by EPA
to be same as A.

**From Rabinowitz et al. (1976), Table II. EPA has assumed standard error with coefficient
of variation same as that for quantity of tracer absorbed in Table VI, except for subject C.
'Estimates from Rabinowitz et al. (1976) Table II. Standard error estimate from combined
sample.
See text. For A and C, estimated from average exposure. For B, D, and E reduced by
0.2 ug/m3 for clean room exposure. Coefficient of variation assumed to be 10%.
Assumed density of blood 1.058 g/cm3.
Assuming outside air exposure is 2.1 ug/m3 rather than 4 ug/m3 for 10 hours.

nominal 10 percent coefficients of variation stated. The assumption is that for subjects B,
D, and E, the exposure to street level air for 10 hours per,day was twice as large as the mea-
sured roof level air, i.e., 4 ug/m3; and the remaining 14 hours per day were at the ward level
of 0.97 ug/m3; thus the time-averaged level was [(10 x 4) + (14 x 0.97)]/24 = 2.23 ug/m3. The
average controlled exposures during the "clean room" part of the experiment were 23, 22, and
24 hours respectively for subjects B, D, E; thus averaged exposures were 0.19, 0.28, and 0.12
ug/m3, and reductions in exposure were about 2.0 ug/m3. This value is used to calculate the
slope. For subject A, the total intake due to respired air is the assumed indoor average of
1.5 ug/m3 for the Sepulveda VA hospital, combining indoor and outdoor levels [(10 x 4) + (14 x
1.5)]/24 = 2.54 ug/m3. For subject C the Wadsworth average applies. Other than uncertainties
in the air lead concentration, the inhalation slope estimates for Rabinowitz's subjects have
less internal uncertainty than those calculated for subjects in Griffin's experiment.
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The inhalation slopes thus calculated are the lowest that can be reasonably derived fro*
this experiment, since the largest plausible air lead concentrations have been assumed. The
third-floor air monitor average of 2.1 ug/m3 is a plausible minimum exposure, leading to the
higher plausible Maximum inhalation slopes in the last column of Table 11-24. These are based
on the assumption that the time-averaged air lead exposure is smaller by [10(4-2.l)]/24 - 0.79
pg/m3 than assumed previously. It is also possible that some of this difference can be attri-
buted to dust ingestion while outside the metabolic ward.
11.4.1.3 The Chamberlain et al. Study. A series of investigations were carried out by
Chamberlain et al. (1975a,b; 1978) at the U.K. Atomic Energy Research Establishment in
Harwell, England. The studies included exposure of up to 10 volunteer subjects to inhaled,
ingested, and injected lead in various physical forms. The inhalation exposures included
laboratory inhalation of lead aerosols generated in a wind tunnel, or box, of various particle
sizes and chemical compositions (lead oxide and lead nitrate). Venous blood samples were
taken at several times after inhalation of 203Pb. Three subjects also breathed natural high-
way exhaust fumes at various locations for times up to about 4.5 hours.

The natural respiratory cycles in the experiments varied from 5.7 to 17.6 seconds (4 to
11 breaths per minute) and tidal volumes from 1.6 to 2.3 liters. Lung deposition of lead-
bearing particles depended strongly on particle size and composition, with natural exhaust
particles being more efficiently retained by the lung (30 - 50 percent) than were the chemical
compounds (20 - 40 percent).

The clearance of lead from the lungs was an extended process over time and depended on
particle size and composition, leaving only about 1 percent of the fine wind tunnel aerosols
in the lung after 100 hours, but about 10 percent of the carbonaceous exhaust aerosols. The
203Pb isotope reached a peak blood level about 30 hours after inhalation, the blood level then
representing about 60 percent of the initial lung burden.

A substantial fraction of the lead deposited in the lung appears to be unavailable to the
blood pool in the short term, possibly due to rapid transport to and retention in other tis-
sues including skeletal tissues. In long-term balance studies, some of this lead in the deep
tissue compartment would return to the blood compartment.

Lead kinetics were also studied by use of injected and ingested tracers, which suggested
that in the short term, the mean residence time of lead in blood could be calculated from a
one-pool model analysis.

Chamberlain et al. (1978) extrapolated these high-level, short-term exposures to longer
term ones. The following formula and data were used to calculate a blood-to-air level ratio
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[Ti ] [% Deposition] [% Absorption] [Daily ventilation]
P = —3————————————————————————————————— (11-10)

[Blood volume] [0.693]

where:
T: = biological half life

With an estimated value of Tj = 18 days (mean residence time T, 70.693 = 26 days), with 50 per-
cent for deposition in lung for ordinary urban dwellers, and 55 percent of the lung lead re-
tained in the blood lead compartment (all based on Chamberlain's experiments), with an assumed
ventilation of 20 mVday over blood volume 5400 ml (Table 10-20 in Chamberlain et al., 1978),
then

R _ 26 day X 0.50 X 0.55 X 20 mVday = 2.7 mVdl (11-11)P - —————————gj-jfl——————

This value of p could vary for the following reasons:

1. The absorption from lung to blood used here, 0.55, refers to short-term kinetics.
In the long term, little lead is lost through biliary or pancreatic secretions,
nails, hair, and sweat, so that most of the body lead is available to the blood
pool even if stored in the skeleton from which it may be resorbed. Chamberlain
suggests an empirical correction to 0.55 X 1.3 = 0.715 absorption.

2. The mean residence time, 26 days, is shorter than in Rabinowitz's subjects, and
the blood volume is less, 54 dl. It is possible that in the Rabinowitz study,
the mean times are longer and the blood pool size (100 dl) is larger than here
because Rabinowitz et al. included relatively fewer labile tissues such as kidney
and liver in the pool. Assuming 40 days mean residence time and 100 dl blood
volume the slope can be recalculated,

Q - 40 d X 0.50 X 0.55 X 20 m3/d _ , - m3/rn (11-12)
P = ——————loiTdl—————— - 2-2 m /dl-

3. The breathing rate could be much less, for inactive people.
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11.4.1.4 The Kehoe Study. Between 1950 and 1971, Kehoe exposed 12 subjects to various levels
of air lead under a wide variety of conditions. Four earlier subjects had received oral lead
during 1937-45. The inhalation experiments were carried out in an inhalation chamber at the
University of Cincinnati, in which the subjects spent varying daily time periods over extended
intervals. The duration was typically 112 days for each exposure level in the inhalation
studies, and at the end of this period it was assumed the blood lead concentration had reached
a near-equilibrium level. The experiments are described by Kehoe (1961a,b,c) and the data and
their analyses by Gross (1981) and Hammond et al. (1981). The studies most relevant to this
document are those in which only particles of lead sesquioxide aerosols in the submicron range
were used, so that there was at least one air lead exposure (other than control) for which the
time-averaged air lead concentration did not exceed 10 ug/m3. Only six subjects met these
criteria: LD (1960-63), JOS (1960-63), NK (1963-66), SS (1963-68), HR (1966-67), and OH
(1967-69). Subject DH had a rather high initial blood lead concentration (30 ug/dl) that fell
during the course of the experiment to 28 pg/dl; apparently daily detention in the inhalation
chamber altered DH's normal pattern of lead exposure to one of lesser total exposure. The
Kehoe studies did not measure non-experimental airborne lead exposures, and did not Measure
lead exposures during "off" periods. Subject HR received three exposure levels from 2.4-7.5
pg/rn3, subject NK seven exposure levels from 0.6-4.2 ug/"3» and subject SS 13 exposure levels
from 0.6-7.2 M9/m3. LD and JOS were each exposed to about 9," 19, 27, and 36 pg/m3 during
sequential periods of 109-113 days.

A great deal of data on lead content in blood, feces, urine and diet were obtained in
these studies and are exhibited graphically in Gross (1979) (see Figure 11-18). Apart from
the quasi-equilibrium blood lead values and balances reported in Gross (1979; 1981), there has
been little use of these data to study the uptake and distribution kinetics of lead in man.
ERA analyses used only the sumury data in Gross (1981).

Data from Gross (1981) were fitted by least squares linear and quadratic regression
models. The quadratic models were not significantly better than the linear model except for
subjects LD and JOS, who were exposed to air levels a*ove 10 ug/m3. The linear terms predomi-
nate in all models for air lead concentrations below 10 ug/m3 and are reported in Table 11-25.
These data represent most of the available experimental evidence in the higher range of
ambient exposure levels, approximately 3-10 ug/m3. Data for the four subjects with statis-
tically significant relationships are shown in Figure 11-19, along with the fitted regression
curve and its 95 percent confidence band.
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Figure 11-18. Data plots for individual subjects as a function of time for
Kehoe subjects, as presented by Gross (1979).
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TABLE 11-25. LINEAR SLOPE FOR BLOOD LEAD VERSUS AIR LEAD AT
LOW AIR LEAD EXPOSURE IN KEHOE'S SUBJECTS

Subject

DH*
HR k
JOSb
LDcNKC
SSC

Linear Slopes 0,
Linear Model

-0.34 ± 0.28
0.70 ± 0.46
0.67 ± 0.07
0.64 ± 0.11
2.60 ± 0.32
1.31 ± 0.20

mVdl, ± s.e.
Quadratic Model

0.14 ± 1.25
0.20 ± 2.14
1.01 ± 0.19
1.29 ± 0.06
1.55 ± 1.28
1.16 ± 0.78

Range
Air*

ug/m

5.6 - 8.8
2.4 - 7.5
9.4 - 35.7
9.3 - 35.9
0.6 - 4.0
0.6 - 7.2

Blood,
ug/dje

26 - 31
21 - 27
21 - 46
18 - 41
20 - 30
18 - 29

*Also, control = 0.
aNo statistically significant relationship between air and blood lead.
High exposures. Use linear slope from quadratic model.

cLow exposures. Use linear slope fro* linear model.

11.4.1.5 The Azar et al. Study. Thirty adult male subjects were obtained from each of five
groups: 1) Philadelphia cab drivers; 2) DuPont employees in Starke, Florida; 3) DuPont em-
ployees in Barksdale, Wisconsin; 4) Los Angeles cab drivers; and 5) Los Angeles office workers
(Azar et al., 1975). Subjects carried air lead monitors in their automobiles and in their
breathing zones at home and work. Personal variables (age, smoking habits, water samples)
were obtained from all subjects, except for water samples from Philadelphia cab drivers.
Blood lead, A. -0 urine lead, and other variables were measured. From two to eight blood sam-
ples were obtained from each subject during the air monitoring phase. Blood lead determina-
tions were done in duplicate. Table 11-26 presents the geometric means for air lead and blood
lead for the five groups. The geometric means were calculated by EPA from the raw data pre-
sented in the authors' report (Azar et al., 1975).

The Azar study has played an important role in setting standards because of the care used
in measuring air lead in the subjects' breathing zone. Blood lead levels change in response
to air lead levels, with typical time constants of 20-60 days. One must assume that the
subjects' lead exposures during preceding months had been reasonably similar to those during
the study period. Models have been proposed for these data by Azar et al. (1975), Snee (1981;
1982b), and Hammond et al. (1981) including certain nonlinear models.

Azar et al. (1975) used a log-log model for their analysis of the data. The model in-
cluded dummy variables, Clf C2, C3l C4, C5, which take on the value 1 for subjects in that
group and 0 otherwise (see Table 11-26 for the definitions of these dummy variables; The
fitted model using natural logarithms was
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Figure 11-19. Blood level vs. air lead relationships for Keboe inhalation
studies: linear relation for low exposures, quadratic for high exposures,
with 95% confidence bands.
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TABLE 11-26. GEOMETRIC MEAN AIR AND BLOOD LEAD LEVELS (ug/100 g)
FOR FIVE CITY-OCCUPATION GROUPS (DATA CALCULATED BY ERA)

Group

Cab drivers
Philadelphia, PA

Plant employees
Starke, FL

Plant employees
Barksdale, WI

Cabdrivers
Los Angeles, CA

Office workers
Los Angeles, CA

Geometric mean
air lead,
ug/m3

2.59

0.59

0.61

6.02

2.97

GSD

1.16

2.04

2.39

1.18

1.29

Geometric mean
blood lead,
ug/100 g

22.1

15.4

12.8

24.2

18.4

GSO

1.16

1.41

1.43

1.20

1.24

Sample
size

30

29

30

30

30

Code

Ci

C2

C3

c«

Cs

Source: Azar et al. (1975).

log (blood Pb) = 2.951 Cj + 2.818 C2 +

2.627 C3 + 2.910 C4 + 2.821 C5 + 0.153 log (air Pb) (11-13)

This model gave a residual SUM of squares of 9.013, a mean square error of 0.063 (143 degrees
of freedom), and a multiple R2 of 0.502. The air lead coefficient had a standard error of
0.040. The fitted model is nonlinear on air lead, and so the slope depends on both air lead
and the intercept. Using an average Intercept value of 1.226, the curve has a slope ranging
from 10.1 at an air lead level of 0.2 ug/«3 to 0.40 at an air lead level of 9 ug/m3.

Snee (1982b) reanalyzed the sane data and fitted the following power function model,

log (blood Pb) = log [12.1 (air Pb + 6.00 Cl + 1.46 C2
+ 0.44 C3 + 2.23 C4 + 6.26 Cs)0-26«9]

This model gave a residual sura of squares of 9.101, a mean square error of 0.063 (142 degrees
of freedom) and a multiple R2 of 0.497. Using an average constant value of 3.28, the slope
ranges from 1.29 at an air lead of 0.2 to 0.51 at an air lead of 9.
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Figure 11-19. Blood level vs. air lead relationships for Kehoe inhalation
studies: linear relation for low exposures, quadratic for high exposures,
with 95% confidence bands.
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TABLE 11-26. GEOMETRIC MEAN AIR AND BLOOD LEAD LEVELS (ug/100 g)
FOR FIVE CITY-OCCUPATION GROUPS (DATA CALCULATED BY ERA)

Group

Cab drivers
Philadelphia, PA

Plant employees
Starke, FL

Plant employees
Barksdale, WI

Cabdrivers
Los Angeles, CA

Office workers
Los Angeles, CA

Geometric mean
air lead,
ug/m3

2.59

0.59

0.61

6.02

2.97

GSD

1.16

2.04

2.39

1.18

1.29

Geometric Mean
blood lead,
M9/100 g

22.1

15.4

12.8

24.2

18.4

GSO

1.16

1.41

1.43

1.20

1.24

Sample
size

30

29

30

30

30

Code

Ci

C2

C3

C4

C5

Source: Azar et al. (1975).

log (blood Pb) = 2.951 Ct + 2.818 C2 +

2.627 C3 + 2.910 C4 + 2.821 C5 + 0.153 log (air Pb) (11-13)

This model gave a residual sum of squares of 9.013, a mean square error of 0.063 (143 degrees
of freedom), and a multiple R2 of 0.502. The air lead coefficient had a standard error of
0.040. The fitted model is nonlinear on air lead, and so the slope depends on both air lead
and the intercept. Using an average intercept value of 1.226, the curve has a slope ranging
from 10.1 at an air lead level of 0.2 ug/n3 to 0.40 at an air lead level of 9 ug/m3.

Snee (1982b) reanalyzed the same data and fitted the following power function model,

log (blood Pb) = log [12.1 (air Pb + 6.00 Ct + 1.46 C2
f 0.44 C3 + 2.23 C4 + 6.26 Cs)°-2689]

This model gave a residual sum of squares of 9.101, a mean square error of 0.063 (142 degrees
of freedom) and a multiple R2 of 0.497. Using an average constant value of 3.28, the slope
ranges from 1.29 at an air lead of 0.2 to 0.51 at an air lead of 9.
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An important extension in the development of models for the data was the inclusion of
separate non-air contributions or background exposures for each separate group. The coeffi-
cients of the group variables, C., in the lead exposure model may be interpreted as measures
of total exposure of that group to non-air external sources (cigarettes, food, dust, water)
and to endogenous sources (lead stored in skeleton). Water and smoking variables were used to
estimate some external sources. (This required deleting another observation for a subject
with unusually high water lead.) The effect of endogenous lead was estimated using subject
age as a surrogate measure of cumulative exposure, since lead stored in the skeleton is known
to increase approximately linearly with age, for ages 20-60 (Gross et al., 1975; Barry, 1975;
Steenhout, 1982) in homogeneous populations.

In order to facilitate comparison with the constant 0 ratios calculated from the clinical
studies, EPA fitted a linear exposure model to the Azar data. The model was fitted on a loga-
rithmic scale to facilitate comparison of goodness of fit with other exposure models and to
produce an approximately normal pattern of regression residuals. Neither smoking nor water
lead provided significantly better fits to the log (blood lead) measurements after the effect
of age was removed.

Age and air lead may be confounded to some extent because the regression coefficient for
age may include the effects of prior air lead exposures on skeletal lead buildup. This would
have the effect of reducing the estimated apparent slope p.

Geometric mean regressions of blood lead on air lead were calculated by EPA for several
assumptions: (1) A linear model analogous to Snee's exposure model, assuming different non-
air contributions in blood lead for each of the five subgroups; (2) a linear model in which
age of the subject is also used as a surrogate measure of the cumulative body burden of lead
that provides an endogenous source of blood lead; (3) a linear model similar to (2), in which
the change of blood lead with age is different in different subgroups, but it is assumed that
the non-air contribution is the same in all five groups (as was assumed in the 1977 EPA Lead
Criteria Document); (4) a linear model in which both the non-air background and the change in
blood lead with age nay differ by group; and (5) a nonlinear model similar to (4). None of
the fitted models are significantly different from each other using statistical tests of hypo-
theses about parameter subsets in nonlinear regression (Gallant, 1975).
11.4.1.6 Silver Valley/Kenogg. Idaho Study. In 1970, EPA carried out a study of a lead
smelter in Kellogg, Idaho (Hammer et al., 1972; U.S. Environmental Protection Agency, 1972).
The study was part of a national effort to determine the effects of sulfur dioxide, total sus-
pended particulate and suspended sulfates, singly and in combination with other pollutants, on
human health. It focused on mixtures of the sulfur compounds and metals. Although it was
demonstrated that children had evidence of lead absorption, insufficient environmental data
were reported to allow further quantitative analyses.
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In 1974, following the hospitalization of two children from Kellogg with suspected acute
lead poisoning, the COC joined the State of Idaho in a comprehensive study of children in the
Silver Valley area of Shoshone County, Idaho, near the Kellogg smelter (Yankel et al., 1977;
Landrigan et al.,'1976).

The principal source of exposure was a smelter whose records showed that emissions aver-
aged 8.3 metric tons per month from 1955 to 1964 and 11.7 metric tons from 1965 to September,
1973. After a September, 1973 fire extensively damaged the smelter's main emission filtration
facility, emissions averaged 35.3 metric tons from October, 1973 to September, 1974 (Landrigan
et al., 1976). The smelter operated during the fall and winter of 1973-74 with severely
limited air pollution control capacity. Beginning in 1971, ambient concentrations of lead in
the vicinity of the smelter were determined from particulate matter collected by hi-vol air
samples. Data indicated that monthly average levels measured in 1974 (Figure 11-20) were
three to four times the levels measured in 1971 (von Lindern and Yankel, 1976). Individual
exposures of study participants to lead in the air were estimated by interpolation from these
data. Air lead exposures ranged from 1.5 ug/m3 to 30 ug/m3 monthly average (see Figure 11-20).
Soil concentrations were as high as 24,000 ug/g and averaged 7000 ug/g within one mile of the
smelter. House dusts were found to contain as much as 140,000 ug/g and averaged 11,000 ug/g
in homes within one mile of the complex.

The study was initiated in May, 1974 and the blood samples were collected in August, 1974
from children 1-9 years old in a door-to-door survey (greater than 90 percent participation).
Social, family, and medical histories were conducted by interview. Paint, house dust, yard
and garden soils, grass, and garden vegetable samples were collected. At that time, 385 of
the 919 children examined (41.9 percent) had blood lead levels in excess of 40 ug/dl, 41 chil-
dren (4.5 percent) had levels greater than 80 ug/dl. All but 2 of the 172 children living
within 1.6 km of the smelter had levels greater than or equal to 40 ug/dl- Those two children
had moved into the area less than six months earlier and had blood lead levels greater than 35
Mg/dl. Both the mean blood lead concentration and the number of children classified as exhib-
iting excess absorption decreased with distance from the smelter (Table 11-27). Blood lead
levels were consistently higher in 2- to 3-year-old children than they were in other age
groups (Table 11-28). A significant negative relationship between blood lead level and hema-
tocrit value was found. Seven of the 41 children (17 percent) with blood lead levels greater
than 80 ug/dl were diagnosed as being anemic on the basis of hematocrit less than 33 percent,
whereas only L6 of 1006 children (1.6 percent) with blood lead levels less than 80 pg/dl were
so diagnosed. Although no overt di'ease was observed in children with higher 'ead intake,
differences were found in nerve conduc;ion velocity. Details of this finding are discussed in
Chapter 12.
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Figure 11-20. Monthly ambient air lead concentrations in Kellogg,
Idaho. 1971 through 1975.

Source: von lindern and Yankel (1976).
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TABLE 11-27. GEOMETRIC MEAN BLOOD LEAD LEVELS BY AREA COMPARED WITH
ESTIMATED AIR LEAD LEVELS FOR 1- TO 9-YEAR OLD CHILDREN

LIVING NEAR IDAHO SMELTER. (GEOMETRIC STANDARD DEVIATIONS,
SAMPLE SIZE, AND DISTANCES FROM SMELTER ARE ALSO GIVEN)3

Area

1

2

3

4

5

6

Geometric mean
blood lead,

ug/dl

65.9

47.7

33.8

32.2

27.5

21.2

GSD

1.30

1.32

1.25

1.29

1.30

1.29

Sample
size

170

192

174

156

188

90

% blood
lead

(>40 ug/dl)

98.9

72.6

21.4

17.8

8.8

1.1

Estimated
air lead,

18.0

14.0

6.7

3.1

1.5

1.2

Distance from
smelter,

KJH

0- 1.6

1.6- 4.0

4.0-10.0

10.0-24.0

24.0-32.0

about 75

aEPA analysis of data from Yankel et al. (1977).

TABLE 11-28. GEOMETRIC MEAN BLOOD LEAD LEVELS BY AGE AND AREA FOR
SUBJECTS LIVING NEAR THE IDAHO SMELTER

(micrograms per deciliter)

Age group
Area

1
2
3
4
5
6
7

1

69*
50
33
31
27
21
28

2

72
51
36
35
35
25
30

3

75
55
36
34
29
22
28

4

75
46
35
31
29
23
32

5

68
49
35
31
29
20
30

6

66
50
35
35
28
22
26

7

63
47
31
30
25
20
37

8

60
42
32
32
27
22
30

9

57
40
32
30
24
17
20

Teenage
39
33
28

35

Adult

37
33
30
34
32

32

*Error in original publication (Yankel et al., 1977).
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Yankel et al. (1977) fitted the data to the following model.

"In (blood lead) = 3.1 + 0.041 air lead + (2.1 x 10" soil lead)
+ 0.087 dustiness - 0.018 age
+ 0.024 occupation (11-15)

where air lead was in ug/m3; soil lead was in ug/g; dustiness was 1, 2, or 3; age was in
years; and occupation (parental) was a Hollingshead index. The analysis included 879 sub-
jects, had a multiple R2 of 0.622, and a residual standard deviation of 0.269 (geometric
standard deviation of 1.31).

Walter et al. (1980) used a similar model to examine age specific differences of the re-
gression coefficients for the different variables. Those coefficients are summarized in Table
11-29. The variable that was most significant overall was air lead; its coefficient was ap-
proximately the same for all ages, corresponding to a change in blood lead of about 1 ug/dl
per unit increase of air lead (in ug/m3) at an air exposure of 1 ug/m3 and about 2.4 ug/dl per
unit increase in air at an air exposure of 22 ug/m3.

TABLE 11-29. AGE-SPECIFIC REGRESSION COEFFICIENTS FOR THE ANALYSIS OF
LOG (BLOOD LEAD) LEVELS IN THE IDAHO SMELTER STUDY

Age

1
2
3
4
5
6
7
8
9

* P
t P

Air

0.0467*
0.0405*
0.0472*
0.0366*
0. 0388*
0.0361*
0.0413*
0.0407*
0.0402*

<0.01
<0.05

Dust

0.119to.ioet
o.iost
0.107t
0.052
0.070
0.053
0.051o.oait

Occupation

0.0323
0.0095
0.0252
0.0348
0.0363t
0.0369t
0.0240
0.0422T
0.0087

Pica

0.098
0.225*
0.077
0.117
0.048
0.039
0.106
0.010
0.108

Sex

0.055
0.002
0.000
0.032
-0.081
-0.092
-0.061
-o.ioet
-0.158*

Soil
(xlO4)

3.5
20. 6t
24.2*
32.1*
23.4*
38.4*
21. 3t
16.2
11.6

Intercept

3.017
3.567
3.220
3.176
3.270
3.240
3.329
3.076
3.477

N

98
94
115
104
130
120
113
105
104

The next most important variable that attained significance at a variety of ages was the
household dustiness level (coded as low = 0, medium = 1, or high = 2), showing a declining ef-
fect with age and being significant for ages 1-4 years. This suggested age-related hygiene
behavior and a picture of diminishing home orientation as the child develops. For ages 1-4
years, the coefficient indicates the child in a home with a "medium" dust level would have'a
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blood lead level ~ 10 percent higher than a child in a home with a "low" dust level, other
factors being comparable.

The coefficients for soil lead - blood lead relationships exhibited a fairly regular pat-
tern, being highly significant (p <0.01) for ages 3-6 years, and significant (p <0.05) at ages
2-6 years. The maximum coefficient (at age 6) indicates a 4 percent increase in blood lead
per 1000 pg/g increase in soil lead.

Pica (coded absent = 0, present = 1) had a significant effect at age 2 years, but was In-
significant elsewhere; at age 2 years, an approximate 25 percent elevation in blood lead is
predicted in a child with pica, compared with an otherwise equivalent child without pica.

Parental occupation was significant at ages 5, 6, and 8 years; at the other ages, how-
ever, the sign of the coefficient was always positive, consistent with a greater lead burden
being introduced into the hone by parents working in the smelter complex.

Finally, sex (coded male = 0; female = 1) had a significant negative coefficient for ages
8 and 9 years, indicating that boys would have lead levels 15 percent higher than girls at
this age, on the average. This phenomenon is enhanced by similar, but nonsignificant, nega-
tive coefficients for ages 5-7 years.

Snee (1982c) also reanalyzed the Idaho smelter data using a log-linear model. He used
dummy variables for age, work status of the father, educational level of the father, and
household dust level (cleanliness). The resulting model had a multiple R2 of 0.67 and a resi-
dual standard deviation of 0.250 (geometric standard deviation of 1.28). The model showed
that 2-year-olds had the highest blood lead levels. The blood lead inhalation slope was es-
sentially the same as that of Yankel et al. (1977) and Walter et al. (1980).

The above non-linear analyses of the Idaho smelter study are the only analyses which sug-
gest that the blood lead to air lead slope increases with increasing air lead, contrary to the
findings of decreasing slopes seen at high air lead exposures in other studies. An alterna-
tive to this would be to attempt to fit a linear model as described in Appendix 11-B. Expo-
sure coefficients were estimated for each of the factors shown in Table 11-30. The results
for the different covariates are similar to those o* Snee (1982c) and Walter et al. (1980).

Because the previous analyses noted above indicated a nonlinear relationship, a similar
model with a quadratic air lead term added was also fitted. The coefficients for the other
factors remained about the same, and the improvement in the model was marginally significant
(p = 0.05). This model gave a slope of 1.16 at an air lead of 1 pg/m3, and 1.39 at an air
lead of 2 vg/m3. Both the linear and quadratic models, along with Snee's (1982b) model are
shown in Figure 11-21. The points represent mean blood lead levels adjusted for the factors
in Table 11-30 (except air lead) for each of the different exposure subpopulations.
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TABLE 11-30. ESTIMATED COEFFICIENTS* AND STANDARD ERRORS FOR THE IDAHO SMELTER STUDY

Factor

Intercept (ug/dl)

Air lead (ug/m3)

Soil lead (1000 M9/g)

Sex (male=l, female=0)

Pica (eaters=l, noneaters=0)

Education (graduate training=0)
At least high school
No high school

Cleanliness of home (clean=0)
Moderately clean
Dirty

Age (1 year old=0)
2 years old
3 years old
4 years old
5 years old
6 years old
7 years old
8 years old
9 years old

Work status (no exposure=0)
Lead or zinc worker

Coefficient

13.19

1.53

1.10

1.31

2.22

-
3.45
4.37

-
3.00
6.04

-
4.66
5.48
3.16
2.82
2.74
0.81

-0.19
-1.50
-

3.69

Asymptotic
standard error

1.90

0.064

0.14

0.59

0.90

1.44
1.51

0.65
1.06

1.48
1.32
1.32
1.25
1.24
1.23
1.28
1.21

0.61

Residual standard deviation = 0.2576 (geometric standard deviation = 1.29).
Multiple R2 = 0.662.
Number of observations = 860.
"Calculations made by ERA.
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Yankel et al. (1977), Walter et al. (1980), and Snee (1982c) make reference to a follow-
up study conducted in 1975. The second study was undertaken to determine the effectiveness of
control and remedial measures instituted after the 1974 study. Between August, 1974 and
August, 1975, the mean annual air lead levels decreased at all stations monitored. In order
of increasing distance from the smelter, the annual mean air lead levels for the one year
preceding each drawing were 18.0-10.3 ug/»3, 14.0-8.5 ug/m3, 6.7-4.9 ug/m3, and 3.1-2.5 ug/a3

at 10-24 km. Similar reductions were noted in house dust lead concentrations. In a separate
report, von Lindern and Yankel (1976) described reductions in blood lead levels of children
for whom determinations were made in both years. A number of factors complicate the interpre-
tation of the followup study, including the changes in time-varying concentrations of air lead
(Figure 11-20) from 1974 to 1975, and relocations of residence. The results demonstrated that
significant decreases in blood lead concentration resulted from exposure reductions.
11.4.1.7 Omaha, Nebraska Studies. Exposure from both a primary and secondary smelter in the
inner city area of Omaha, Nebraska, has been reported in a series of publications (Angle et
al., 1974; Angle and Mclntire, 1977, 1979; Mclntire and Angle, 1973). During 1970-1977, chil-
dren were studied from these areas: an urban school at a site immediately adjacent to a small
battery plant and downwind from two other lead emission sources; from schools in a nixed com-
mercial-residential area; and from schools in a suburban setting. Children's blood lead
levels by venipuncture were obtained by macro technique for 1970 and 1971, but Delves micro

•

assay was used for 1972 and later. The differences for the change in techniques were taken
into account in the presentation of the data. Air lead values were obtained by hi-vol sam-
plers and dustfall values were also monitored. Table 11-31 presents the authors' summary of
the entire data set, showing that as air lead values decrease and then increase, dustfall and
blood lead values follow. The authors used regression modefc, both log-linear and semilog, to
calculate (air lead)/(blood lead).

Specific reports present various aspects of the work. Black children in the two elemen-
tary schools closest to the battery plant had higher blood leads (34.1 ug/dl) than those in
elementary and junior high schools farther away (26.3 ug/dl). Best estimates of the air ex-
posures were 1.65 and 1.48 ug/m3, respectively (Mclntire and Angle, 1973). The latter study
compared three populations: urban versus suburban high school students, ages 14-18; urban
black children, ages 10-12, versus suburban whites, ages 10-12; and blacks ages 10-12 with
blood lead levels over 20 ug/dl versus schoolmates with blood lead levels below 20 ug/dl
(Angle et al., 1974). The urban versus suburban high school children did not differ signifi-
cantly, 22.3 ±1.2 and 20.2 ±7.0 ug/dl, respectively, with mean values of air lead concentra-
tions of 0.43 and 0.29 ug/m3. For 15 students who had environmental samples taken from their
homes, correlation coefficients between blood lead levels and soil and housedust lead levels
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TABLE 11-31. AIR, OUSTFALL AND BLOOD LEAD CONCENTRATIONS IN OMAHA, NE STUDY, 1970-1977*

Group

AH urban children,

1970-71
1972-73
1974-75
1976-77

Children at school

1970-71
1972-73
1974-75
1976-77

Air .
M9/m3 (N)D

Dustfall,
ug/m3 - mo (N)c

Blood, .
ug/dl (N)a

mixed commercial and residential site

1.48 ± 0.14(7;65)
0.43 ± 0.08(8;72)
0.10 ± 0.03(10;72)
0.52 ± 0.07(12;47)

in a commercial site

1.69 ± 0.11(7;67)
0.63 ± 0.15(8;74)
0.10 ± 0.03(10;70)
0.60 ± 0.10(12;42)

All suburban children in a residential

1970-71
1972-73
1974-75
1976-77

0.79 ± 0.06(7;65)
0.29 ± 0.04(8;73)
0.12 ± 0.05(10;73)

10.6 ± 0.3(6)
6.0 ± 0.1(4)
8.8 (7)

25.9 ± 0.6(5)
14.3 ± 4.1(4)
33.9 (7)

site

4.6 ± 1.1(6)
2.9 ± 0.9(4)

31.4 ± 0.7(168)
23.3 ± 0.3(211)
20.4 ± 0.1(284)
22.8 ± 0.7(38)

34.6 ± 1.5(21)
21.9 ± 0.6(54)
19.2 ± 0.9(17)
22.8 ± 0.7(38)

19.6 ± 0.5(81)
14.4 ± 0.6(31)
18.2 ± 0.3(185)

Blood lead 1970-71 is by the macro technique, corrected for an established
laboratory bias of 3 ug/dl, macro-micro; all other values are by Delves micro
assay.
N = Number of months; number of 24-hour samples.

CN = Number of months.
N = Number of blood samples.

Source: Adapted from Angle and Mclntire, 1977.

were 0.31 and 0.29, respectively. Air, dust, and soil lead measurements at 37 sites were im-
puted to all children in the vicinity.

Suburban 10- to 12-year-olds had lower blood lead levels than their urban counterparts,
17.1 ±0.7 versus 21.7 ± 0.5 ug/dl (Angle et al., 1974). Air lead exposures were higher in
the urban than in the suburban population, although the average exposure remained less than 1
pg/m3. Dustfall lead measurements, however, were very much higher; 32.96 mg/m2/month for ur-
ban 10- to-12-year-olds versus 3.02 mg/m2/month for suburban children.

Soil lead and house dust lead exposure levels were significantly higher for the urban
black high-lead group than for the urban low-lead group. A significant correlation (r = 0.49)
between blood lead and soil lead levels was found.
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Angle has reanalyzed the Omaha study (Angle et al., 1984) using all of the data on chil-
dren from all years. There were 1075 samples from which blood lead (ug/dl), air (ug/m3), soil
(ug/g), and house dust (ug/g) lead were available. The linear regression model, fitted in
logarithmic form, was

Pb-Blood = 15.67 + 1.92 Pb-Air + 0.00680 Pb-Soil + 0.00718 Pb-House Dust (11-16)

(±0.40) (±0.60) (±0.00097) (±0.00090)

(N = 1075, R2 = 0.20, S2 = 0.0901, GSD = 1.35)

Similar models fitted by age category produced much more variable results, possibly due to
small ranges of variation in air lead within certain age categories.
11.4.1.8 Roels et al. Studies. Reels et al. (1976, 1978, 1980) have conducted a series of
studies in the vicinity of a lead smelter in Belgium. Roels et al. (1980) report a follow-up
study in 1975 that included study populations from a rural-nonindustrialized area as well as
from the lead smelter area. The rural group consisted of 45 children (11-14 years). The
smelter area group consisted of 69 school children from three schools. These children were
divided into two groups; group A (aged 10-13) lived less than 1 km from the smelter and their
schools were very close to the smelter; group B consisted of school children living more than
1.5 km from the smelter and attending a school more distant from the smelter.

In 1974 the smelter emitted 270 kg of lead and the air lead levels were 1-2 orders of
magnitude greater than the current Belgian background concentration for air lead (0.23 ug/m3).
Soil and vegetation were also contaminated with lead; within 1 km the soil lead level was
12,250 ug/g. The concentration of lead in drinking water was less than 5 ug/1.

Environmental assessment included air, soil, and dust. Air monitoring for lead had been
continuous since September, 1973 at two sites, one for each of the two groups. In the rural
area, air monitoring was done at two sites for five days using membrane pumps. Lead was ana-
lyzed by flameless atomic absorption spectrophotometry. Dust and soil samples were collected
at the various school playgrounds, and were also analyzed by flameless atomic absorption. A
25 ml blood sample was collected from each child and immediately divided among three tubes.
One tube was analyzed for lead content by flaraeless atomic absorption with background correc-
tion. Another tube was analyzed for ALA-0 activity while the third was analyzed for FEP. FEP
was determined by the Roels modification of the method of Sassa. ALA-D was assayed by the
European standard method.
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Air lead levels decreased from area A to area B. At both sites the airborne lead levels
declined over the two years of monitoring. The amount of lead produced at this smelter during
this time remained constant, about 100,000 metric tons/year. The median air lead level at the
closer site (A) dropped from 3.2 to 1.2 ug/m3, while at the far site (B) the median went froa
1.6 to 0.5-0.8 ug/m3. The rural area exposure levels did not vary over the study period,
remaining rather constant at about 0.3 ug/m3.

Both smelter vicinity groups showed signs of increased lead absorption relative to the
rural population. Blood lead levels for group A were about three times those for the rural
population (26 versus 9 yg/dl). The former blood lead levels were associated with about a 50
percent decrease in ALA-0 activity and a 100 percent increase in FEP concentration. However,
FEP levels were not different for group B and rural area residents.

Later surveys of children (Roels et al., 1980) were conducted in 1976, 1977, and 1978;
the former two in autumn, the latter in spring. In total there were five surveys conducted
yearly from 1974-1978. A group of age-matched controls from a rural area was studied each
time except 1977. In 1976 and 1978 an urban group of children was also studied. The overall
age for the different groups ranged from 9 to 14 years (mean 11-12). The length of residence
varied from 0.5 to 14 years (mean 7-10 years). The subjects were always recruited fro« the
same five schools: one in the urban area, one in the rural area and three in the smelter area
(two <1 km and one, 2.5 km away). In all, 661 children (328 boys and 333" girls) were studied
over the years. Two hundred fourteen children came from less than 1 km from the smelter, 169
children from 1.5 to 2.5 km from the plant, 55 children lived in the urban area, and 223 chil-
dren lived in the rural area.

Air lead levels decreased from 1977 to 1978. However, the soil lead levels in the vicin-
ity of the smelter were still elevated (<1 km, soil lead = 2000-6000 ug/g). Oustfall lead in
the area of the near schools averaged 16.4-22.0 mg/m^day at 500 m from the stack, 5.8-7.2
mg/m2-day at 700 m, about 2 mg/m2-day at 1000 m, and fluctuated around 0.5-1 mg/m2-day at 1.5
km and beyond. The particle size was predominantly 2 \nn in diameter with a secondary peak
between 4 and 9 u». The particle size declined wjth increasing distance fron the smelter
(0.7-2.4 km).

The air lead and blood lead results for the five years are presented as Table 11-32. The
reported air leads are not calendar year averages. The table shows that blood lead levels
(electrothermal atomic absorption spectrophotometry) are lower in the girls than the boys.
Within 1 km of the smelter no consistent improvement in air lead levels was noted over the
years of the study. The mean blood leads for the children living at about 2.5 km from the
smelter never exceeded 20 pg/dl since 1975, although they were higher than for urban and rural
chiIdren.
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TABLE 11-32. MEAH AIRBORNE AND BLOOD LEAD LEVELS RECORDED DURING FIVE DISTINCT SURVEYS
(1974 to 1978) FOR STUDY POPULATIONS OF 11-YEAR-OLD CHILDREN LIVING LESS THAN 1 kjn

OR 2.5 km FROM A LEAD SMELTER, OR LIVING IN A RURAL OR URBAN AREA

Study
populations

1 Survey
(1974)

2 Survey
(1975)

3 Survey
(1976)

4 Survey
(1977)

5 Survey
(1978)

Setting

< 1 km
2.5 km
Rural

<1 km
2.5 km
Rural

<1 km
2.5 km
Urban
Rural

<1 km
2.5 km

< 1 km
2.5 km
Urban
Rural

Pb-Air,
ug/m3

4.06
1.00
0.29

2.94
0.74
0.31

3.67
0.80
0.45
0.30

3.42
0.49

2.68
0.54
0.56
0.37

Blood lead concentration,
Total Population
n

37
--
92

40
29
45

38
40
26
44

56
50

43
36
29
42

Mean ±

30.1 ±
—

9.4 ±

26.4 ±
13.6 t
9.1 ±

24.6 ±
13.3 ±
10.4 ±
9.0 ±

28.9 ±
14.8 ±

27.8 ±
16.0 i
12.7 ±
10.7 ±

SO

5.7

2.1

7.3
3.3
3.1

8.7
4.4
2.0
2.0

6.5
4.7

9.3
3.8
3.1
2.8

n

14
14
28

19
17
14

18
24
17
21

27
34

20
26
18
17

Boys
Mean ±

31.0 ±
21.1 ±
9.7 ±

27.4 ±
14.8 ±
8.2 ±

28.7 ±
15.6 ±
10.6 ±
9.2 ±

31.7 ±
15.7 ±

29.3 ±
16.6 ±
13.4 ±
11.9 ±

SO

5.5
3.4
1.6

6.5
3.6
2.1

8.0
2.9
2.0
2.3

9.5
4.8

9.8
3.5
2.3
3.0

ug/dl

n

23
—
64

21
12
31

20
16
9
23

29
16

23
10
11
25

Girls
Mean ±

29.6 ±
—

9.3 ±

25.4 ±
11.9 ±
9.5 ±

20.8 ±
9.8 ±
9.9 ±
8.7 ±

26.4 ±
13.0 ±

26.5 ±
14.3 ±
11.5 ±
10.0 ±

SD

5.9

2.2

8.1
1.9
3.4

7.6
3.8
2.0
1.7

8.7
4.3

8.9
4.2
4.0
2.4

Source: Roels et al. (1980).

The researchers then investigated the importance of the various sources of lead in deter-
mining blood lead levels. Data were available from the 1976 survey on air, dust, and hand
lead levels. Boys had higher hand dust lead than girls. Unfortunately, the regression analy-
ses performed on these data were based on the group means of four groups.

ERA has reanalyzed the 1976 study using original data provided by Dr. Roels on the 148
children. The air lead, playground dust lead, and hand lead concentrations were all highly
correlated with each other. The hand lead measurements are used here with due regard for
their limitations, because day-to-day variations in hand lead for individual children are
believed to be very large. However, even though repeated measurements were not available,
this is among the most usable quantitative evidence on the role of ingested hand dust in
childhood lead absorption.
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Total lead content per hand is probably more directly related to ingested lead than is
the lead concentration in the hand dust. The linear regression model used above was fitted by
ERA using lead in air (ug/m3), lead in hand dust (ug/hand), lead in playground dust (ug/g),
and sex as covariates of blood lead. The lead variables were highly correlated, resulting in
a statistically significant regression but not statistically significant coefficients. Thus
the playground dust measurement was dropped and the following model obtained with almost as
small a residual sum of squares,

In(Pb-Blood) = ln(7.37 + 2.46 Pb-Air + 0.0195 Pb-Hand + 2.10 Male) (11-17)
(±.45)* (±.58)* (±.0062)* (±0.56)*

*Standard error of estimated regression coefficients.

The fitted model for the 148 observations gave an R2 of 0.654 and a mean square error (S2)
of 0.0836 (GSD = 1.335). The significance of the estimated coefficient establishes that
intake of lead-bearing dust from the hands of children does play a role in childhood lead ab-
sorption over and above the role that can be assigned to inhalation of air lead. Individual
habits of mouthing probably also affect lead absorption along this pathway. Note too that the
estimated inhalation slope, 2.46, is somewhat larger than most estimates for adults. However,
the effect of ingestion of hand dust appears to be almost as large as the effect of air .lead
inhalation in children of this age (9-14 years). Roels et al. (1980), using group means,
concluded that the quantitative contribution of hand lead to children's blood lead levels was
far greater than that of air lead.

The high mutual correlations among air, hand, and dust lead suggest the use of their
principal components or principal factors as predictors. Only the first principal component
(which accounted for 91 percent of the total variance in lead exposure) proved a statistically
significant covariate of blood lead. In this form the model could be expressed as:

In(Pb-Blood) = ln(7.42 + 1.56Pb-Air + 0.0120Pb-Hand + 0.00212Pb-Oust + 2.29 Male) (11-18)

The estimated standard error on the inhalation slope is ±0.47. The difference between these
inhalation slope and hand lead coefficients is an example of the partial attribution of the
effects of measured lead exposure sources to those sources that are not measured.
LI.4.1.9 Other Studies Relating Blood Lead Levels to Air Exposure.

The present chapter has thus far evaluated the effects of atmospheric lead on blood lead
•n a disaggregate manner broken down according to exposure media, including direct inhalation
of atmospheric lead, ingestion of particulate lead that has fallen out as dust and surface
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soil, and air lead ingested in consuming food and beverages (including lead absorbed from soil
and added during processing and preparation). Disaggregate analyses based on various pathways
for environmental lead of the type presented appear to provide a sensitive tool for predicting
blood lead burdens under changes of environmental exposure. However, some authors, e.g.,
Brunekreef (1984) make a strong argument for the use of air lead as the single exposure
criterion. Their argument is that exposure to air lead is usually of sufficient duration that
the contributions along other pathways have stabilized and are proportional to the air lead
concentration. In that case, the ratio between blood lead and air lead plus dust, food, and
other proportional increments must be much larger than for air lead by direct inhalation
alone.

The following studies provide information on the relationship of blood lead to air lead
exposures using aggregate analyses that include both direct and indirect air inputs. The
first group of studies are population studies which typically employed less accurate estimates
of individual exposures. The second group of studies represents industrial exposures at very
high air lead levels in which the response of blood lead appears to be substantially different
than at ambient air levels.

The Tepper and Levin (1975) study included both air and blood lead measurements. House-
wives were recruited from locations in the vicinity of air monitors. Table 11-33 presents the
geometric mean air lead and adjusted geometric mean blood lead values for this study. These
values were calculated by Hasselblad and Nelson (1975). Geometric mean air lead values ranged
from 0.17 to 3.39 ug/m3, and geometric mean blood lead values ranged from 12.7 to 20.1 ug/dl.

Nordman (1975) reported a population study from Finland in which data from five urban and
two rural areas were compared. Air lead data were collected by stationary samplers. All
levels were comparatively low, particularly in the rural environment, where a concentration of
0.025 ug/m3 was seen. Urban-suburban levels ranged from 0.43 to 1.32 ug/m3.

A study was undertaken by Tsuchiya et al. (1975) in Tokyo using male policemen who
worked, but not necessarily lived, in the vicinity of air samplers. In this study, five zones
were established based on degree of urbanization, ranging from central city to suburban. Air
monitors were established at various police stations within each zone. Air sampling was con-
ducted from September, 1971 to September, 1972; blood and urine samples were obtained from
2283 policemen in August and September, 1971. Findings are presented in Table 11-34.

Goldsmith (1974) obtained data for elementary school (9- and 10-year-olds) and high
school students in 10 California communities. Lowest air lead exposures were 0.28 ug/m3 and
highest were 3.4 ug/m3. For boys in elementary school, blood lead levels ranged from 14.3 to
23.3 pg/dl; those for girls ranged from 13.8 to 20.4 ug/dl for the same range of air lead ex-
posures. The high school student population was made up of only males from some of the 10
towns. The air lead range was 0.77-2.75 ug/™3, and the blood lead range was 9.0-12.1 ug/dl.
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TABLE 11-33. GEOMETRIC MEAN AIR LEAD AND ADJUSTED BLOOD LEAD LEVELS FOR 11 COMMUNITIES
IN STUDY OF TEPPER AND LEVIN (1975) AS REPORTED BY HASSELBLAD AND NELSON (1975)

Geometric mean
air lead,

Community ug/m3

Los Alamos, NM

Okeana, OH

Houston, TX

Port Washington, NY

Ardmore, PA

Lombard, IL

Washington, DC

Philadelphia, PA

Bridgeport, IL

Greenwich Village, NY

Pasadena, CA

0.17

0.32

0.85

1.13

1.15

1.18

1.19

1.67

1.76

2.08

3.39

Age and smoking
adjusted geometric
mean blood lead,

ug/dl

15.1

16.1

12.7

15.3

17.9

14.0

18.7

20.1

17.6

16.5

17.6

Sample
size

185

156

186

196

148

204

219

136

146

139

194

Multiple R2 = 0.240
Residual standard deviation = 0.262 (geometric standard deviation = 1.30)

TABLE 11-34. MEAN AIR AND BLOOD LEAD VALUES FOR FIVE ZONES IN TOKYO STUDY

Air lead
Zones ug/m3

1 0.024

2 0.198

3 0.444

4 0.831

5 1.157

Blood lead,
ug/100 g

17.0

17.1

16.8

18.0

19.7

Source: Tsuchiya et al. 1975.
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The high school students with the highest blood lead levels did not come from the town with
the highest air lead value. However, a considerable lag time occurred between the collection
and analysis of the blood samples. In one of the communities the blood samples were refrig-
erated rather than frozen.

Another California study (Johnson et al., 1975, 1976) examined blood lead levels in rela-
tion to exposure to automotive lead in two communities, Los Angeles and Lancaster (a city in
the high desert). Los Angeles residents studied were individuals living in the vicinity of
heavily traveled freeways within the city. They included groups of males and females, aged 1
through 16, 17 through 34, and 34 and over. The persons selected from Lancaster represented
similar age and sex distributions. On two consecutive days, blood, urine, and fecal samples
were collected. Air samples were collected from one hi-vol sampler in Los Angeles, located
near a freeway, and two such samplers in Lancaster. The Los Angeles sampler collected for 7
days; the two in Lancaster operated for 14 days. Soil samples were collected in each area in
the vicinity of study subjects.

Lead in ambient air along the Los Angeles freeway averaged 6.3 ± 0.7 ug/m3 and, in the
Lancaster area, the average was 0.6 ± 0.2 ug/m3. The mean soil lead in Los Angeles was 3633
ug/g, whereas that found in Lancaster was 66.9 ug/g. Higher blood lead concentrations were
found in Los Angeles residents than in individuals living in the control area for all age
groups studied. Differences between Los Angeles and Lancaster groups were significant with
the sole exception of the older males. Snee (1981) has pointed out a disparity between blood
samples taken on consecutive days from the same child in the study. EPA reanalyses using
other criteria for outlier detection and removal obtained different inhalation slopes. This
calls into question the validity of using this study to quantify the air lead to blood lead
relationship.

Daines et al. (1972) studied black women living near a heavily traveled highway in New
Jersey. The subjects lived in houses on streets paralleling the highway at three distances:
3.7, 38.1, and 121.9 m. Air lead as well as blood lead levels were measured. Mean annual air
lead concentrations were 4.60, 2.41, and 2.24 uQ/1"3. respectively, for the three distances.
The mean air lead concentration for the area closest to the highway was significantly differ-
ent from that in both the second and third, but the mean air lead concentration of the third
area was not significantly different from that of the second. The results of the blood lead
determinations paralleled those of the air lead. Mean blood lead levels of the three groups
of women, in order of increasing distance, were 23.1, 17.4, and 17.6 ug/dl, respectively.
Again, the first group showed a significantly higher mean than the other two, but the second
and third groups' blood lead levels were similar to each other. Daines et al. (1972), in the
same publication, reported a second study in which the distances from the highway were 33.5
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and 457 m and in which the subjects were white upper middle class women. The air lead levels
were trivially different at these two distances, and the blood lead levels did not differ
either. Because the residents nearest the road were already 33 m from the highway, the dif-
ferences in air lead may have been insufficient to be reflected in the blood lead levels (see
Chapter 7).

A summary of linear relationships for other population studies has been extracted fro*
Snee (1981) and is shown in Table 11-35. The Fugas study is described later in Section
11.5.1.3. There is a large range of slope values (-0.1 to 3.1) with most studies in the range
of 1.0-2.0. Additional information on the more directly relevant studies is given in the
Summary Section 11.4.1.10.

TABLE 11-35. BLOOD LEAD-AIR LEAD SLOPES FOR SEVERAL POPULATION
STUDIES AS CALCULATED BY SNEE

Study

Tepper & Levin
(1975)

Johnson et al.
(1975).

Nordman (1975)

Tsuchiya et al.(1975)
Goldsmith (1974)

Fugas (1977)
Daines et al. (1972)

Johnson et al.
(1975)

Goldsmith (1974)

No.
subjects

1935

65

96
536
478
537
89
79
352
61

88
37a

43

486

Sex

Female

Male

Female
Male
Female
Male
Male
Female
Male
Female
(spring)

Female (fall)
Male
(children)

Female
(children)

Male & female'
(children)

Slope

1.1

0.8

0.8
1.2
0.6
3.1

-0.1
0.7
2.2

1.6
2.4

1.4

1.1

2.0

95X confidence
interval

±1.8

±0.7

±0.6
±1.0
±0.9
±2.2
±0.7
±0.7
±0.7

±1.7
±1.2

±0.6

±0.6

±1.3

Outlier results for four subjects deleted.

Source: Snee, 1981.
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A comprehensive review of studies of blood lead levels in children is presented by
Brunekreef (1984). Many of the studies did not include covariates by which air lead slopes
could be adjusted for dust or soil ingestion and other factors, leading to aggregate estimates
of air lead impacts (direct and indirect) on blood lead levels. The results of some of the
studies reviewed by Brunekreef are summarized in Table 11-36. Studies selected for Table
11-36 are those with identified air monitoring methods and reliable blood lead data. The
range of p values that Brunekreef (1984) reports is very large, and typical values of 3-5 are
larger than those adjusted slopes (1.52-2.46) derived by ERA in preceding sections. If the
aggregate approach is accepted, then the blood lead versus total (both direct and indirect)
air lead slope for children may be approximately double the slope (~2.0) estimated for the
direct contribution due to inhaled air lead alone.

There is a great deal of information on blood lead responses to air lead exposures of
workers in lead-related occupations. Almost all such exposures are at air lead levels far in
excess of typical non-occupational exposures. The blood lead versus air lead slope p is very
much smaller at high blood and air levels. Analyses of certain occupational exposure studies
are shown in Table 11-37.
11.4.1.10 Summary of Blood Lead versus Inhaled Air Lead Relations. Any summary of the rela-
tionship of blood lead level and air lead exposure is complicated by the need for reconciling
the results of experimental and observational studies. Further, defining the form of the sta-
tistical relationship is problematical due to the lack of consistency in the range and accu-
racy of the air lead exposure measures in the various studies.

EPA has chosen to emphasize the results of studies that relate lead in air and lead in
blood under ambient conditions. At low air lead exposures there is no statistically signifi-
cant difference between curvilinear and linear blood lead inhalation relationships. Colombo
(1985) states that on the basis of experimental biological evidence, theory can provide a
steady-state relation of blood Pb to air Pb with a curved response and that the existing PbB
vs. PbA data are such that they can be fitted by several algebraically different PbA func-
tions, including a linear relationship. Colombo concludes, however, that the linear model is
preferred because it is consistent with other published models and it is much simpler in its
application. Therefore EPA has fitted linear relationships (Tables 11-38, 11-39, and 11-40)
to blood lead levels in the studies to be described next with the explicit understanding that
the fitted relationships are intended only to describe changes in blood lead due to modest
changes (of <3.0 ug/m3) in air lead among individuals whose blood lead levels do not exceed
30 ug/dl.

The blood lead inhalation slope estimates vary appreciably from one subject to another in
experimental and clinical studies, and from one study to another. The weighted slope and stan-
dard error estimates from the Griffin study in Table 11-21 (1.75 ± 0.35) were combined with

11-99



TABLE 11-36. CHARACTERISTICS OF STUDIES ON THE RELATIONSHIP BETWEEN AIR LEAD AND BLOOD LEAD IN CHILDREN

Reference

Cavalier i et al., 1981

Ztelhuis et al., 1979
Brunekreef at al . , 1981
Diemal et al., 1961

Landrtgan et al.. 1975
Landrtgan and Baker, 1981
Norse et al.. 1979

Roalt et al.. 1976. 1978.
1980

t— 'i— •
»L Vankel et al.. 1977
o Walter et al.. 1980
0 Snee. 19B2c

Angle et al., 1974
Angle and Nctntlre, 1979

Billlck et al., 1979. 1980
Bllllck (1983)

Brunekreef et al . . 1983

Blood
Population sampling

3-6 npllO venous
8-11 n-143
tchool populattent, living
clot* to or at >4 km from
a lead smelter
1-7 n-690 (1977) venous
1-3 n«95 (1978)
volunteer* (1976)
all children In area invited
(1977, 1978)
participation rate >50X
1-18 n«259 (exposed) venous

nM99 (control) 1972
n-140 (exposed) 1977

10-15 n-214 expoted 1974- venous
10-13 n*16B inter- 1978 puncture

mediate combined
10-13 n=223 rural
10-14 n=55 urban

1-9 KF1149 (1974) venous
n= 781 (1975) puncture

1-5 urban/suburban n*242 capillary
6-18 urban/suburban/
Industrial n-832 volunteers

0->6 n=178.533 venous
presented for screening

4-6 IF 195 venous
nursery school populations,
living in city center or in
suburban area

Air
Quality control data sampling

yes; no Inter labor*- hi-vol (?)
lory comparison

yes; no information hi-vol
about participation
in inter laboratory
study

no hi-vol

yes; national and low volume
international Inter-
laboratory program

no hl-vol

no hi-vol

yes, participation hl-vol
COC blood lead
proficiency testing
program
yes; international low volume
quality control
program

Unadjusted
slope

3.3
4.0

4.0
3.6

3.7
2.6

4.1-7.4
2.9-5.8
8.3-31.2
5.3

2.4-3.3

0.66
-2.63
2.10
15.8

24.5
18.5

Adjusted
slope Statistical model

group comparisons

3.6 . group comparisons
multiple regression,
single-log (1978)

group comparison

group comparisons
multiple regression

1-1.4 group comparisons/
multiple regression

1-2.5 tingle log

multiple regression,
log-log covarlates

0.69 not included

5.2 multiple regression
2.9 with geometric group

means at dependent
variable
group comparisons and

8.5 multiple regression,
using log/log trans-
formations

Source: from Brunekreef (1984).



TABLE 11-37. A SELECTION OF RECENT ANALYSES ON OCCUPATIONAL
8-HOUR EXPOSURES TO HIGH AIR LEAD LEVELS

Analysis

Ashford et al .
(1977)

King et al .
(1979)

Gartside
et al. (1982)

Bishop and
H i l l (1983)

Study

Williams et al. , 1969
Globe Union
Delco-Remy

Factory 1, 1975
Factory 2a, 1975
Factory 3a, 1975

Delco-Remy,
1974-1976

Battery plants A
1975-1981 B

C
0
E
F

Air lead*,
ug/m3

50-300

35-1200

10-350

20-170
2-200
7-170
7-195
20-140
4-140

Blood lead,
M9/dl

40-90

25-90

22-72

12-50
18-72
22-60
24-75
18-60
15-53

P
slope

0.19
0.10

0.032
0.07

0.0514

Nonl inear:
at 50:
0.081
0.045
0.048
0.022
0.045
0.101

*Assumed 8-hour exposure; divide by 3 for 24-hour equivalent.

those calculated similarly for the Rabinowitz study in Table 11-24 (2.14 ± 0.47) and the Kehoe
study in Table 11-25 (1.25 ± 0.35, setting subject DH = 0), yielding a pooled weighted slope
estimate of 1.64 ± 0.22 ug/dl per ug/a3. There are some advantages in using these experimen-
tal studies on adult males, but certain deficiencies need to be acknowledged. The Kehoe study
exposed subjects to a wide range of exposure levels while they were in the exposure chamber,
but did not control air lead exposures outside the chamber. The Griffin study provided rea-
sonable control of air lead exposure during the experiment, but difficulties in defining the
non-inhalation baseline for blood lead (especially in the important experiment at 3.2 ug/m3)
add much uncertainty to the estimate. The Rabinowitz study controlled well for diet and other
factors and since they used stable lead isotope tracers, they had no baseline problem. How-
ever, the actual air lead exposure of these subjects outside the metabolic ward was not well
determined.

Among population studies, only the Azar study provides a slope estimate in which air lead
exposures are known for individuals. However, there was no control of dietary lead intake or
other factors that affect blood lead levels, and slope estimates assuming only air lead and
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TABLE 11-38. CROSS-SECTIONAL OBSERVATIONAL STUDY WITH MEASURED INDIVIDUAL AIR LEAD EXPOSURE

oro

Study

Aiar et at. (1975)
Study done in
1970-1971 in five
U.S. cities, total
sample size = 149.
Blood leads ranged
fro* 8 to 40 ug/dl.
Air leads ranged
fro* 0.2 to 9.1
ug/B*

Analyst *

Ajar et a).
(1975)

Snee (1982b)

HaaMond et al.
(1981)

EPA

EPA

EPA

EPA

EPA

EPA

In(PBB)

In(PBB)

.
(PBB)'*'

In(PBB)

In(PBB)

In(PBB)

In(PBB)

In(PBB)

In(PBB)

Model

= 0. 153 In(PBA) « separate intercepts for each group

= 0.2669 ln(PBA • separate background for each group)
t 1.0842

nia n iruU1S = 0.179 (PBA * separate background for each group )Ulllw
-0.098

= ln(1.318 PBA + separate background for each group)

= ln(2.902 PBA - 0.257 PBA2 + separate background
for each group)

= ln[l. 342 PBA * separate background * (age slope x age)]

= ln[1.593 PBA * COMMMI intercept * (age x separate age
slope)]

= ln[1.2S5 PBA * separate background * (age x separate
age (lope)]

= 0.25 ln(PBA * separate background + (age x separate
age slope)]

R2

0.502

0.497

0.49

0.491

0.504

0.499

0.489

0.521

0.514

Mode
d.f.

6

7

8

6

7

7

7

11

12

1 Slope at an air lead of
* 1.0 ug/«3 2.0 ug/«3

2.57 1.43
(1.23. 3.91) (0.64, 2.30)

1.12 0.96
(0.29, 1.94) (0.25, 1.66)

1.08 1.07

'
1.32 1.32

(0.46, 2.17) (0.46. 2.17)
2.39 1.87

1.34 1.34
(0.32. 2.37) (0.32. 2.37)

1.59 1.59
(0.76. 2.42) (0.76. 2.42)

1.26 1.26
(0.46, 2.05) (0.46. 2 05)
about 1.0 about 1.0
(varies by (varies by

city) city)

Nute: PBB stands for blood lead (ug/dl); PBA stands for air lead (ug/*a); slope Mans rate of change of blood lead per unit change in air lead at the
stated air lead value. The 95 percent confidence intervals for the slope are given in parentheses. These are approximate and should be used
with caution. The analyses labeled "EPA" are calculated froa the original authors' data.

*d. f. - degrees of freedom.



TABLE 11-39. CROSS-SECTIONAL OBSERVATIONAL STUDIES ON CHILDREN WITH ESTIMATED AIR EXPOSURES

o
GJ

Study

Kellogg Idaho/Silver
Valley study con-
ducted in 1974 based
on about 880 chil-
dren. Air leads
ranged fro* O.S to
22 ug/«*. Blood
leads ranged fro*
11 to 164

Kellogg Idaho/Silver
Valley study as above

Analysis

Yankel et al.
(1977)

Snee (1962c)

EPA

EPA

Walter et al.
(1960)

Snee (1962a)

In(PBB)

In(PBB)

In(PBB)

In(PBB)

In(PBB)

In(PBfl)

Model R*

= 0.041 PBA + 2.1x10 soil * 0.087 dust 0.622
- 0.018 age * 0.024 parental occupation * 3.14

= 0.039 PBA + 0.065 In (soil) + teras for sex, parental 0.666
occupation, cleanliness, education, pica

= ln(1.53 PBA « 0.0011 soil * terns for sex. parental 0.662
occupation, cleanliness, teducation, pica)

= ln(1.13 PBA + 0.026 PBA * tenas for soil. sex. parental 0.656
occupation, cleanliness, education, pica)

= separate slopes for air, dust, parental occupation, 0.56 to 0.70
pica, sex, and soil by age

«= 0.039 PBA * 0.055 In(soil) + tens for sex, parental 0.347
occupation, cleanliness, education, pica

Model Slope at
d.f.» 1.0

6 1
(1.09.

25 1
(1-06.

MQ/«3

.16
1.23)

.13
1.20)

18 1.53
(1 40.

19 1
1.66)
.16

7 1.01 to 1.26

25 1
(0.89.

.07
1.25)

an air
5.0

1
(1.27

1
(1.23

1
(1.40

1

1.18

1
(1.01

lead of
M0/a>3

.37

. 1

.32

. I-

.53

. 1

.39

to 1

.25

. 1

46)

42)

66)

.48

50)
restricted to 537 chil-
dren with air leads
below 10 ug/**

Roe Is et al.
(1980)

Angle and Nclntire
(1979)

Roels et al.
(1980) based
on 8 groups

EPA analysis
on 14B subjects

Angle and'
Nclntire (1979)
on 832 saaple*
ages 6-18

832 samples ages
6 to 18
Angle et al.
(1984) on 1074
taa*>les for ages
1-18

PBB = 0.

In(PBB)

In(PBB)

In(PBB)

In(PBB)

007 PBA + 11.50 log(Pb-Hand) - 4.27 0.65

= ln(2.46 PBA + 0.0195 (Pb-Hand) * 2.1 (Male) + 7.37) 0.654

= In(B.l) * 0.03 In(PBA) * 0.10 In(Pb-Soil) 0.21
* 0.07 ln(Pb-House Dust)

= In (4.40 PBA + 0.00457 Pb-Soil 0.262
* 0.00336 Pb- House Dust * 16.21)
= ln(1.92 PBA + 0.00680 Pb-Sotl 0.199
* 0.00718 Pb-House Dust * 15.67)

3 0.007

4 2
(1.

4 0

4 4
(3.

4 1
(0.

.46
31. 3.

.6

.40
20. 5.
.92
74. 3.

0

2
61) (1

0

4
60) (3

1
10) (0

.007

.46

.31.

.14

.40

.20.

.92

.74.

3.61)

5.60)

3.10)

Note: PBB stands for blood lead (ug/dl); PBA stands for air lead (ug/a3); slope Mans rate of change of blood lead per unit change in air lead at the
stated air lead value. The 95 percent confidence intervals for the slope are given in parentheses. These are approximate and should be used
with caution. The analyses labeled "EPA" are calculated fro* the original authors' data.

*d.f.= degrees of freedo*.



TABLE 11-40. LONGITUDINAL EXPERIMENTAL STUDIES WITH MEASURED INDIVIDUAL AIR LEAD EXPOSURE

Experiment

Kehoe 1950-1971
1960-1969

Griffin et al.
1971-1972

Chaetoerlain et
al. 1973-1978

Rabtnowltz
et al. 1973-1974

Analysts

Gross (1981)
Haawond et a). (1981)
Snee (1981)
EPA

Knelson «t al.(1973)
HaHMnd et al.(1981)
Snee (1981)
EPA

Chaatoerlain et al.
(1978)
EPA

Snee (1981)
EPA

A
A
A

A
A
A
A

A
A

A
A

PBB
PBB
PBB
PBB

PBB
PBB
PBB
PBB

PBB
PBB

PBB
PBB

Model

= 0.57 A PBA
= B,A PBA, p, by subject fro* -0.6 to 2.94
= p'.A PBA. p! by subject fro* 0.4 to 2.4
= pj PBA * background, p, by subject froa -.34 to 2.60

= 0.327 PBA * 3.236 + (2.10 PBA * 1.96) (In PBA • p.) by subject
-PA PBA, B - 1.90 at 3.2 and p = 1.54 at 10.9
* p, A PBA, B| by subject, p - 2.3 at 3.2 and p = 1.5 at 10.9
> p, A PBA, p! by subject, Man p = 1.52 at 3.2

and p = 1.7) at 10.9

= p APBA. p = 1.2 calculated
= p APBA. p = 2.7 calculated

=> p. APBA. p, by subject fro* 1.7 to 3.9
= pj APBA, pj by subject fro* 1.59 to 3.56

Air
Ml

0.6
0.6
0.6
0.6

0.15
0.15

0.2

lead.
»/•»

to
to
to
to

36
36
36
9

. 3.2
, 10.9

to 2

Blood lead.
Hfl/dl

IB
18
18
18

11
14

14

to
to
to
to

to
to

to

41
41
41
29

32
43

28

I
I—»
o



location as covariables (1.32 ± 0.38) are not significantly different from the pooled experi-
mental studies.

Snee and Pfeifer (1983) have extensively analyzed the observational studies, tested the
equivalence of slope estimates using pooled within-study and between-study variance com-
ponents, and estimated the common slope. The result of five population studies on adult males
(Azar, Johnson, Nordman, Tsuchiya, Fugas) was an inhalation slope estimate ±95 percent confi-
dence limits of 1.4 ± 0.6. For six populations of adult females [Tepper-Levin, Johnson,
Nordman, Goldsmith, Oaines (spring), Daines (fall)], the slope was 0.9 ± 0.4. For four popu-
lations of children [Johnson (male), Johnson (female), Yankel, Goldsmith], the slope estimate
was 1.3 ± 0.4. The between-study variance component was not significant for any group so de-
fined, and when these groups were pooled and combined with the Griffin subjects, the slope
estimate for all subjects was 1.2 ± 0.2.

The Azar slope estimate was not combined with the experimental estimates because of the
lack of control on non-inhalation exposures. Similarly, the other population studies in Table
11-35 were not pooled because of the uncertainty about both inhalation and non-inhalation lead
exposures. These studies, as a group, have lower slope estimates than the individual experi-
mental studies.

There are no experimental inhalation studies on adult females or on children. The inha-
lation slope for women should be roughly the same as that for men, assuming proportionally
smaller air intake and blood volume. The assumption of proportional size is less plausible
for children. Slope estimates for children from population studies have been used in which
some other important covariates of lead absorption were controlled or measured, e.g., age,
sex, and dust exposure in the environment or on the hands. Inhalation slopes were estimated
for the studies of Angle and Mclntire (1.92 ± 0.60), Reels (2.46 ± 0.58), and Yankel et al.
(1.53 ± 0.064). The standard error of the Yankel study is extremely low and a weighted pooled
slope estimate for children would reflect essentially that study alone. In this case the
small standard error estimate is attributable to the very large range of air lead exposures of
children in the Silver Valley (up to 22 ug/m3). The relationship is in fact not linear, but
increases more rapidly in the upper range of air lead exposures. The slope estimate at lower
air lead concentrations may not wholly reflect uncertainty about the shape of the curve at
higher concentrations. The median slope of the three studies is 1.92.

This estimate was not combined with the child population studies of Johnson or Goldsmith.
The Johnson study slope estimate used air lead measured at only two sites and is sensitive to
assumptions about data outliers (Snee, 1981), which adds a large non-statistical uncertainty
to the slope estimate. The Goldsmith slope estimate for children (2.0 ± 0.65) is close to
the estimate derived above, but was not used due to non-statistical uncertainties about blood
lead collection and storage.
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One can summarize the situation briefly:

(1) The experimental studies at lower air lead levels, 3.2 ug/m3 or less, and lower
blood levels, typical4y 30 ug/dl or less, have linear blood lead inhalation rela-
tionships with slopes p. of 0-3.6 for most subjects. A typical value of 1.64 ±
0.22 may be assumed for adults.

(2) Population cross-sectional studies at lower air lead and blood lead levels are
approximately linear with slopes fJ of 0.8-2.0 for inhalation contributions.

(3) Cross-sectional studies in occupational exposures in which air lead levels are
higher (much above 10 ug/m3) and blood lead levels are higher (above 40 ug/dl),
show a much more shallow linear blood lead inhalation relation. The slope 0 is
in the range 0.03-0.2.

(4) Cross-sectional and experimental studies at levels of air lead somewhat above
the higher ambient exposures (9-36 ug/m3) and blood leads of 30-40 ug/dl can be
described either by a nonlinear relationship with decreasing slope or by a
linear relationship with intermediate slope, approximately p = 0.5. Several
biological mechanisms for these differences have been discussed (Hammond et al.,
1981; O'Flaherty et al., 1982; Chamberlain, 1983; Chamberlain and Heard, 1981).
Since no explanation for the decrease in steepness of the blood lead inhalation
response to higher air lead levels has been generally accepted at this time,
there is little basis on which to select an interpolation formula from low air
lead to high air lead exposures. The increased steepness of the inhalation
curve for the Silver Valley/ Kellogg study is inconsistent with the other
studies presented. It may be that smelter situations are unique and must be
analyzed differently, or it may be that the curvature is the result of impre-
cise exposure estimates.

(5) The blood lead inhalation slope for children is at least as steep as that for
adults, with a median estimate of 1.92 from three major studies (Yankel et al.,
1977; Roels et al., 1980; Angle and Mclntire, 1979).

(6) Slopes which include both direct (inhalation) and indirect (via soil, dust, etc.)
air lead contributions are necessarily higher than those estimates for inhaled
air lead alone. Studies using aggregate analyses (direct and indirect air
impacts) typically yield slope values in the range 3-5, about double the slope
due to inhaled air lead alone.

11.4.2 Dietary Lead Exposures Including Water
Another major pathway by which lead enters the body is by ingestion. As noted in Chap-

ters 6 and 7, the recycling of both natural and anthropogenic lead in the environment results
in a certain amount of lead being found in the food we eat and the water we drink. Both of
these environmental media provide external exposures to lead that ultimately increase internal
exposure levels in addition to internal lead elevations caused by direct inhalation of lead in
air, The Nutrition Foundation (1982) report presents a compilation of recent estimates of
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dietary intakes in the United States and Canada. The report gives information on relation-
ships between external lead exposures and blood lead levels. The mechanisms and absorption
rates for uptake of lead from food and water are described in Chapter 10. The purpose of the
present section is to establish (analogously to Section 11.4.1) the relationships between
external exposures to lead in food and drinking water and resulting internal lead exposures.

The establishment of these external and internal lead exposure relationships for the en-
vironmental media of food and water, however, is complicated by the inherent relationship be-
tween food and water. First, the largest component of food by weight is water. Second,
drinking water is used for food preparation and, as shown in Section 7.3.1.3, provides addi-
tional quantities of lead that are appropriately included as part of external lead exposures
ascribed to food. Third, the quantity of liquid consumed daily by people varies greatly and
substitutions are made among different sources of liquid: soft drinks, coffee, tea, etc., and
drinking water. Therefore, at best, any values of water lead intake used in drinking water
calculations are somewhat problematic.

A further troubling fact is the influence of lead in the construction of plumbing facil-
ities. Studies discussed in Section 7.3.2.1.3 have pointed out the substantial lead exposures
in drinking water that can result from the use of lead pipes in the delivery of water to the
tap. This problem is thought to occur only in limited geographic areas in the United States.
However, where the problem is present^ substantial water lead exposures occur. In these areas
one cannot make a simplifying assumption that the lead concentration in the water component of
food is similar to that of drinking water; rather, one is adding a potentially major addi-
tional lead exposure to the equation.

Studies that have attempted to relate blood lead levels to ingested lead exposure have•»
used three approaches to estimate the external lead exposures involved: duplicate meals, fe-
cal lead determinations, and market basket surveys. In duplicate diet studies, estimated lead
exposures are assessed by having subjects put aside a duplicate of what they eat at each meal
for a limited period of time. These studies probably provide a good, but short term, estimate
of the ingestion intake. However, the procedures available to analyze lead in foods have his-
torically been subject to inaccuracies. Hence, the total validity of data from this approach
has not been established. Studies relying on the use of fecal lead determinations face two
major difficulties. First, this procedure involves the use of a mathematical estimate of the
overall absorption coefficient from the gut to estimate the external exposure. Until recent-
ly, these estimates have not been well documented and were assumed to be relatively constant.
Newer data discussed later show a much wider variability in the observed absorption coeffici-
ents than was thought to be true. These new observations cloud the utility of studies using
this method to establish external/internal exposure relationships. Secondly, it is difficult
to collect a representative sample.
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The last approach is the market basket approach. This approach uses the observed lead
concentrations for a variety of food items coupled with estimated dietary consumption of the
particular food items. Some studies use national estimates of typical consumption patterns
upon which to base the estimated exposures. Other studies actually record the daily dietary
intakes. This approach faces similar analytic problems to those found in the duplicate diet
approach. It also faces the problem of getting accurate estimates of dietary intakes. The
most current total diet study (Pennington, 1983) is described in Section 7.3.1.2.

Exposures to lead in the diet are thought to have decreased since the 1940's. Estimates
from that period were in the range of 400-500 ug/day for U.S. populations. Khandekar et al.
(1984) report a dietary intake of lead to be 245 ug/day. This was calculated from the lead
content in different food groups and the amount of each food group consumed by an average
resident of Bombay, India. Current estimates, for U.S. populations are under 100 ug/day for
adults. Unfortunately, a good historical record regarding the time course of dietary expo-
sures is not available. In the years 1978-1982, efforts have been made by the American food
canning industry in cooperation with the PDA to reduce the lead contamination of canned food.
Data presented in Section 7.3.1.2.5 confirm the success of this effort. Seasonal variations
in blood lead might also be partially attributable to seasonal variations in the dietary in-
take of lead. The following evidence suggests that this does not happen. Table 11-41 is
taken from Human Nutrition Information Service (1983). The data suggest the following
pattern: (1) Consumption of canned vegetables and fruits is much lower in the spring and
summer, much higher in the fall and winter, which is the opposite of the pattern of blood lead
level variations and suggests that the attribution of seasonal changes to gasoline lead may be
an underestimate of its effects. (2) The pattern is similar for central city, suburban, and
nonmetropolitan households. (3) There is little seasonal variation for fruit and vegetable
juices and milk, and a slight increase of soft drink consumption in the summer. The magnitude
of such variations is too small to account for blood lead.

The specific studies available for review regarding dietary exposures will be organized
into three major divisions: lead ingestion from typical diets, lead ingestion from experimen-
tal dietary supplements, and inadvertent lead ingestion from lead plumbing.
11.4.2.1 Lead Ingestion from Typical Diets.
11.4.2.1.1 Ryu study on infants and toddlers. Ryu et al. (1983) reported a study of four
breast-fed infants and 25 formula-fed infants from 8-196 days of age. At 112 days of the
study, the formula-fed infants were separated into subgroups based upon how they were to re-
ceive their milk: homogenized whole cow milk obtained in cartons from a local dairy, a com-
mercially available milk-based formula supplied in quart cans, and homogenized whole cow milk
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TABLE 11-41. HOUSEHOLD CONSUMPTION OF CANNED FOODS
(pounds per week)

Food

Canned fruits*
Central city
Suburban
Nonmetropol itan

Canned vegetables*
Central city
Suburban
Nonmetropol itan

Fresh fluid milk
Central city
Suburban
Nonmetropol itan

Processed milk
Central city
Suburban
Nonmetropol itan

Canned veg. juices*
Central city
Suburban
Nonmetropol itan

Canned fruit juices*
Central city
Suburban
Nonmetropol itan

Soft drinks (total)
Central city
Suburban
Nonmetropol itan

Spring

0.65
0.85
0.83

2.37
2.40
2.37

13.44
17.66
15.11

1.14
1.43
1.56

0.39
0.42
0.56

1.34
1.16
1.29

5.50
6.53
5.67

Summer

0.47
0.55
0.62

2.36
2.08
1.94

14.20
17.12
16.17

1.12
1.13
1.36

0.38
0.41
0.38

1.46
1.26
1.22

5.75
6.88
5.89

Fall

0.59
0.84
0.78

2.81
2.57
2.46

14.31
17.38
16.16

1.18
1.10
1.59

0.37
0.54
0.46

1.39
1.25
1.49

5.11
6.22
5.62

Winter

0.74
0.91
0.85

2.83
2.86
2.89

13.75
17.17
16.70

1.30
1.14
1.90

0.35
0.47
0.53

1.41
1.24
1.35

5.35
5.96
5.25

*Commercially canned.

supplied in quart cans and heat-treated in the same manner as the commercially available for-
mula. There were 10, 4, and 3 infants in each of these groups, respectively. In addition to
food concentrations, data were collected on air, dust, and water lead. Hemoglobin and FEP
were also measured.
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The trends in blood lead for the formula-fed infants are shown in Table 11-42. The re-
sults up to day 112 are averaged for all 25 infants. The estimated average intake was 17
|jg/day for this time period. After day 112, the subgroup of seven infants fed either canned
formula or heat-treated cow's milV in cans (higher lead), had average estimated lead intake of
61 ug/day. This resulted in an increase of 7.2 ug/dl in the average blood lead level in
response to an increase of 45 ug/day in lead intake by day 196. However, since the blood lead
levels in this group had not reached equilibirum by this point, the slope calculated from this
data of 0.16 should be regarded as an underestimate.

TABLE 11-42. BLOOD LEAD LEVELS AND LEAD INTAKE VALUES FOR INFANTS IN THE STUDY OF RYU ET AL.

Age,
days

8
28
56
84
112

140
168
196

Blood lead
group,

Lower lead

6.2
7.0
7.2

of combined
ug/dl

8.9
5.8
5.1
5.4
6.1

Higher lead

9.3
12.1
14.4

Average lead intake of
combined group, ug/day

17
17
17
17
17

Lower lead

16
16
16

Higher lead

61
61
61

Source: Ryu et al. (1983).

11.4.2.1.2 Rabinowitz infant study. As part of a longitudinal study of the sources of cur-
rent urban lead exposure, lead was measured in 100 breast milk samples and in 73 samples of
the infant formula used by non-nursing Bothers (Rabinowitz et al., 1985a). Also, the blood
lead levels of the Infants fed these diets were determined at birth and at six months of age.
Among the infants who were breast-fed, the lead content of their milks correlated very well
with their six-month blood lead levels (r = 0.42, p = 0.0003). The mean lead content of in-
fant formulas and breast «11k were not significantly different, nor was the blood lead of
children fed one or the other. Lead levels in maternal milk correlated poorly with umbilical
cord blood lead (r = 0.18, p = 0.10). Since milk represents much of the diet of young infants
and because breast milk lead levels are stable, it is possible to relate blood lead and daily
dosage in this population.
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11.4.2.1.3 Rabinowitz adult study. This study on male adults was described in Section
11.4.1 and in Chapter 10, where ingestion experiments were analyzed in more detail (Rabinowitz
et al., 1980). As in other studies, the fraction of ingested stable isotope lead tracers ab-
sorbed into the blood was much lower when lead was consumed with meals (10.3 ± 2.2 percent)
than between meals (35 ± 13 percent). Lead nitrate, lead sulfide, and lead cysteine as car-
riers made little difference. The much higher absorption of lead on an empty stomach implies
greater significance of lead ingestion from leaded paint and from dust and soil when consumed
between meals, as seems likely to be true for children.
11.4.2.1.4 Hubermont study. Hubermont et al. (1978) conducted a study of pregnant women liv-
ing in rural Belgium because their drinking water was suspected of being lead-contaminated.
This area was known to be relatively free of air pollution. Seventy pregnant women were re-
cruited and asked to complete a questionnaire. Information was obtained on lifetime residence
history, occupational history, smoking, and drinking habits. First flush tap water samples
were collected from each home with the water lead level determined by fTameless atomic absorp-
tion spectrophotometry. Biological samples for lead determination were taken at delivery. A
venipuncture blood sample was collected from the mother, as was a fragment of the placenta; an
umbilical cord blood sample was used to estimate the newborn1s blood lead status.

For the entire population, first-flush tap water samples ranged from 0.2 to 1228.5 ug/1.
The mean was 109.4, while the median was 23.2. The influence of water lead on the blood lead
of the mother and infants was examined by categorizing the subjects on the basis of the lead
level of the water sample, below or above 50 M9/1- Table 11-43 presents the results of this
study. A significant difference in blood lead levels of mothers and newborns was found for
the water lead categories. Placenta lead levels also differed significantly between water
lead groups. The fitted regression equation of blood lead level for mothers is given in
summary Table 11-51 in section 11.4.2.4.
11.4.2.1.5 Sherlock studies. Sherlock et al. (1982) reported a study from Ayr, Scotland,
which considered both dietary and drinking water lead exposures for mothers and children
living in the area. In December, 1980, water lead concentrations were determined from kettle
water from 114 dwellings in which the mother and child lived less than five years. The adult
women had venous blood samples taken in early 1981 as part of a European Economic Community
(EEC) survey on blood lead levels. A duplicate diet survey was conducted on a random sample
of these 114 women stratified by kettle water lead levels.

A study population of 11 mothers with infants less than 4 months of age agreed to parti-
cipate in the infant survey. A stratified sample of 31 of 47 adult volunteers was selected to
participate in the duplicate diet study.

Venous blood samples for adults were analyzed for lead immediately before the duplicate
diet study; in some instances additional samples were taken to give estimates of long-term
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TABLE 11-43. INFLUENCE OF LEVEL OF LEAD IN WATER ON BLOOD LEAD LEVEL IN BLOOD AND PLACENTA

Compari son
group

Age (years)

Pb-B mother
(ug/dl)

Pb-B newborn
(ug/dl )

Pb placenta
(ug/100 g)

Water Pb
(Mfl/1)

Water
level

Low**
High***

Low
High

Low
High

Low
High

Low
High

Mean

25.6
26.3

10.6
13.8

8.8
12.1

9.7
13.3

11.8
247.4

Median

24
25

9.9
13.1

8.5
11.9

8.2
12.0

6.3
176.8

Range

18-41
20-42

5.1-21.6
5.3-26.3

3.4-24.9
2.9-22.1

4.4-26.9
7.1-28

0.2-43.4
61.5-1228.5

Significance

NS*

<0.005

<0.001

<0.005

Source: Hubennont et al. (1978)

*NS means not significant.
**Water lead <50 ug/1.
***Water lead >50 ug/1.

exposure. Venous samples were taken from the infants immediately after the duplicate diet
week. Blood lead levels were determined by AAS with a graphite furnace under good quality
control. Two other laboratories analyzed each sample by different methods. The data reported
are based on the average value of the three methods.

Dietary intakes for adults and children were quite different; adults had higher intakes
than children. Almost one-third of the adults had intakes greater than 3 mg/week while only
20 percent of the Infants had that level of intake. Maximum values were 11 mg/week for adults
and 6 mg/week for Infants. The observed blood lead values in the dietary study had the dis-
tributions shown in Table 11-44.

Table 11-45 presents the crosstabulation of drinking water lead and blood lead level for
the 114 adult women in the study- A strong trend of increasing blood lead levels with increa-
sing drinking water lead levels is apparent. A curvilinear regression function fits the data
better than a linear one. A similar model including weekly dietary intake was fitted to the
data for adults and infants. These models are in summary Tables 11-49 and 11-52 in Section
11.4.2.4.
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TABLE 11-44. DISTRIBUTIONS OF OBSERVED BLOOD LEAD VALUES IN AYR

Groups

Adults
Infants
EEC directive

>20 ug/dl

55%
100%
50%

Blood lead values
>30 ug/dl

16%
55%
10%

>35 ug/dl

2%
36%
2%

TABLE 11-45. BLOOD LEAD AND KETTLE WATER LEAD CONCENTRATIONS
FOR ADULT WOMEN LIVING IN AYR

Water lead, ug/1
Blood lead,

ug per 100 ml

11-15
16-20
21-25
26-30
31-35
36-40
>40

Total

11-
<10 99

8 5
4 7
1 3

4

13 19

100-
299

3
12
9
2
2

28

300-
499

2
3
7
4
1
1
1

19

500-
999

. 3
5
4
2
1
4

19,

1000-
1499

2
2
1
3

8

>1500

1

3
1
3

8

Total

13
17
22
25
12
10
4
11

114

The researchers aUo developed a linear model for the relationship between dietary intake
and drinking water lead. The equation indicates that, when the concentration of lead in water
was about 100 ug/1, approximately equal amounts of lead would be contributed to the total
week's intake from water and diet; as water lead concentrations increase from this value, the
principal contributor would be water.

A follow-up study on this same population was made from December, 1982 to March, 1983, as
reported by Sherlock et al. (1984). In April 1981, the pH of the water supply was increased
from pH 4.5-5.5 to about pH 8.5 by the addition of lime. The result was a decrease in the
median blood lead level from 21 to 13 ug/dl. The combined data set was used to give the re-
gression equation shown in Table 11-52 in Section 11.4.2.4.
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11.4.2.1.6 Central Directorate on Environmental Pollution study. The United Kingdom Central
Directorate on Environmental Pollution (1982) studied the relationship between blood lead
level and dietary and drinking water lead in infants. Subjects were first recruited by solic-
iting participation of all pregnant' women attending two hospitals and residing within a single
water distribution system. Each woman gave a blood sample and a kettle water sample. The
women were then allocated to one of six potential study groups based on the concentration of
water lead.

At the start of the second phase (duplicate diet) a total of 155 women volunteered
(roughly 17-32 per water lead level category). During the course of the study, 24 mothers
withdrew; thus a final study population of 131 mothers was achieved.

When the children reached 13 weeks of age, duplicate diet for a week's duration was ob-
tained for each infant. Great care was exerted to allow collection of the most accurate
sample possible. Also, at this time a variety of water samples were collected for subsequent
lead analysis.

Blood samples were collected by vem'puncture from mothers before birth, at delivery, and
about the time of the duplicate diet. A specimen was also collected by venipuncture from the
infant at the time of the duplicate diet. The blood samples were analyzed for lead by graph-
ite furnace AAS with deuterium background correction. Breast milk was analyzed analogously to
the blood sample after pretreatment for the different matrix. Water samples were analyzed by
flame atomic absorption; food samples were analyzed after ashing by flameless atomic absorp-
tion.

Both mothers and infants exhibited increased lead absorption by EEC (European Economic
Community) directive standards. The infants generally had higher blood leads than the
mothers. However, in neither population was there evidence of substantial lead absorption.

Water lead samples ranged from less than 50 to greater than 500 ug/1, which was expected
due to the sampling procedure used. First draw samples tended to be higher than the other
samples. The composite kettle samples and the random daytime samples taken during the dupli-
cate diet week were reasonably similar: 59 percent of the composite kettle samples contained
jp to 150 |jg/1, as did 66 percent of the random daytime samples.

Lead intakes fro* breast milk were lower than from duplicate diets. The lead intakes
estimated by duplicate diet analysis ranged from 0.04 to 3.4 mg/week; about 1/4 of the diets
had intakes less than 1.0 mg/week. The minimum intakes were truncated, as the limit of detec-
tion for lead was 10 ug/kg and the most common diets weighed 4 kg or more.

The central directorate data were reanalyzed by Lacey et al. (1985). Results from both
Lacey et al. (1985) and the United Kingdom Central Directorate on Environmental Pollution
(1982) are in Tables 11-49 to 11-52 in section 11.4.2.4. The authors used both linear and
cube root models to describe their data. Models relating blood lead levels of infants to
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dietary intake are in Table 11-49 in Section 11.4.2.4. Models relating blood lead levels for
both mothers and infants to first flush water lead levels and running water lead levels are in
Tables 11-51 and 11-52 in Section 11.4.2.4 respectively. In most cases, the nonlinear (cubic)
model provided the best fit. Figure 11-22 illustrates the fit for the two models showing in-
fant blood lead levels versus dietary lead intake.
11.4.2.1.7 Pocock study. Pocock et al. (1983) have recently reported an important study ex-
amining the relationship in middle-aged men of blood lead level and water lead levels. Men
aged 40-59 were randomly selected from the registers of general practices located in 24
British towns. Data were obtained between January, 1978 and June, 1980.

Blood lead levels were obtained on 95 percent of the 7378 men originally selected. The
levels were determined by microatomic absorption spectrophotometry. A strict internal and ex-
ternal quality control program was maintained on the blood lead determinations for the entire
study period. Tap water samples were obtained on a small subset of the population. About 40
men were chosen in each of the 24 towns to participate in the water study. First draw samples
were collected by the subjects themselves, while a grab daytime and flushed sample were col-
lected by study personnel. These samples were analyzed by several methods of AAS depending
on the concentration range of the samples.

Blood lead and water lead levels were available for a total of 910 men from 24 towns.
Table 11-46 displays the association between blood lead levels and water lead levels. Blood
lead levels nearly doubled from the lowest to highest water lead category.

The investigators analyzed their data further by examining the form of the relationship
between blood and water lead. This was done by categorizing the water lead levels into nine
intervals of first draw levels. The first group (<6 ug/1) had 473 men while the remaining
eight intervals had *» 50 men each. Figure 11-23 presents the results of this analysis. The
authors state, "The impression is that mean blood lead increases linearly with first draw
water lead except for the last group with very high water concentrations." The regression
line shown in the figure is only for men with water lead levels less than 100 pg/1, and is
given in Table 11-51 in Section 11.4.2.4. A separate regression was done for the 49 men whose
water lead exposures were greater than 100 ug/1. The slope for the second line was only 23
percent of the first line.

Additional analyses were done examining the possible influence of water hardness on blood
lead levels. A strong negative relationship (r = 0.67) was found between blood lead level and
water hardness. There is a possibility that the relationship between blood lead and water
hardness was due to the relationship of water hardness and water lead. It was found that a
relationship with blood lead and water hardness still existed after controlling for water lead
level.
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TABLE 11-46. RELATIONSHIP OF BLOOD LEAD
AND WATER LEAD IN 910 MEN AGED 40-59 FROM 24 BRITISH TOWNS

First draw
water lead,

M9/1

<50

50-99

100-299

£300

Total

Number of
men

789

69

40

12

910

Mean blood
lead
(M9/dl )

15.06

18.90

21.65

34.19

15.89

Standard
deviation

5.53

7.31

7.83

15.27

6.57

% with
blood lead
>35 M9/dl

0.7

4.3

7.5

41.7

1.9

Daytime
water lead,

H9/1

<50

50-99

100-299

£300

Total

845

36

23

5

909

15.31

19.62

24.78

39.78

15.85

5.64

7.89

9.68

15.87

6.44

0.7

8.3

17.4

60.0

1.8

Source: Pocock et al. (1983).
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Rgure 11-23. Mean blood lead for men grouped by first draw water concentra-
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Source: Pocock et al. (1983).
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The authors come to the following conclusion regarding the slope of the relationship be-
tween blood lead and water lead:

This study confirms that the relation is not linear at higher levels. Previous
research had suggested a power function relationship—for example, blood lead in-
creases as the cube root of water lead. Our data, based on a large and more
representative sample of men, do not agree with such a curve, particularly at low
concentrations of water lead.

11.4.2.1.8 Thomas study. Thomas et al. (1981) studied blood lead levels among residents of a
hardwater area in the United Kingdom. They recruited a random sample of voters in an area
with 320 ppm calcium hardness. A tap water sample using first draw water was requested and
was returned by 70 percent of the selected voters. Sixty women in the dwellings with the
highest water blood level and 30 randomly selected women in dwellings in the lowest water lead
levels were selected for a blood lead determination; 84 women responded. Blood lead levels
were stratified by water lead levels and were compared to data gathered elsewhere fron soft-
water areas. Substantial differences were noted, with the residents of the hardwater areas
having meaningfully lower blood lead levels. This is true even for residents in the hardwater
area with the lowest (<0.05 mg/1) water lead level.
11.4.2.1.9 Elwood study. Elwood et al. (1983) have investigated the potential of the degree
of water hardness to influence the relationship between lead concentrations in drinking water
and blood lead level. An experimental model was employed wherein two groups of women were
studied both before and after the water hardness of the drinking water for one group was
changed to 100 from 10 mg/1. Postconversion blood lead levels were obtained 6 months later.

Mean water lead levels fell slightly after the change in the area where the water was
hardened, whereas it increased slightly in the central area. Blood lead levels decreased in
the experimental areas while increasing in the central area. The decline in blood lead levels
was greater with increasing initial water lead levels.
11.4.2.2. Lead Ingestion from Experimental Dietary Supplements.
11.4.2.2.1 Kehoe study. Experimental studies have been used to study the relationship of
food lead and blood lead levels. Gross (1981) reanalyzed the results of Kehoe. Oral doses of
lead included 300, 1000, 2000, and 3000 ug/day. Each subject had a control period and an ex-
posure period. Some also had a post-exposure period. Blood samples were collected by veni-
puncture and analyzed by spectrographic and dithizone methods during the study years. The
ingestion doses were in addition to the regular ingestion of lead from the diet. The results
of the dose response analysis for blood lead concentrations are summarized in Table 11-47.
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TABLE 11-47. DOSE-RESPONSE ANALYSIS FOR BLOOD LEAD LEVELS IN THE KEHOE STUDY
AS ANALYZED BY GROSS (1981)

Difference from control1

Subject

SW
MR
EB

IF*

Added lead,
ug/day

300
1000
2000

3000

Diet,
ug/day

308
1072
1848

2981

Feces ,
ug/day

208
984
1547

2581

Urine,
ug/day

3
55
80

49

Blood,
Mg/dl

-1
17
33

19

subject servced as his own control.
2Subject did not reach equilibrium.

Both subjects MR and EB had long exposure periods, during which time their blood lead
levels increased to equilibrium averages of 53 and 60 Mg/dl, respectively. The exposure for
IF was terminated early before his blood lead had achieved equilibrium. No response in blood
lead was seen for subject SW whose supplement was 300 ug/day.
11.4.2.2.2 Stuik study. Stuik (1974) administered lead acetate in two dose levels (20 and 30
ug/kg-day) to volunteers. The study was conducted in two phases. The first phase was con-
ducted for 21 days during February-March, 1973. Five males and five females aged 18-26 were
exposed to a daily dose of 20 ug Pb2+/kg. Five males served as controls. In the second
phase, five females received 20 ug Pb*+/kg and five males received 30 ug Pb2+/kg. Five
females served as controls. Pre-exposure values were established during the week preceding
the exposures in both phases. Blood lead levels were determined by Hessel's method.

The results of phase I for blood lead levels are presented in Figure 11-24. Blood lead
levels appeared to achieve an equilibrium after 17 days of exposure. Male blood lead levels
went from 20.6 to 40.9 ug/g while females went from 12.7 to 30.4 ug/g. The males seemed to
respond more to the saat body weight dose.

In phase II, males were exposed to a higher lead dose (30 ug/kg-day). Figure 11-25 dis-
plays these results. Male blood lead rose higher than in the first study (46.2 versus 40.9
ug/g); furthermore, there was no indication of a leveling off. Females also achieved a higher
blood lead level (41.3 versus 30.4 ug/dl), which the author could not explain. The pre-
exposure level, however, was higher for the second phase than the first phase (12.7 versus
17.3 ug/g).
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11.4.2.2.3 Cools study. Cools et al. (1976) extended the research of Stuik (1974) by random-
ly assigning 21 male subjects to two groups. The experimental group was to receive a 30 ug/kg
body weight dose of oral lead acetate for a period long enough to achieve a blood lead level
of 30.0 ug/g, when the lead dose would'be adjusted downward to attempt to maintain the sub-
jects at a blood lead level of 40.0 ug/g. The other group received a placebo.

In the pre-exposure phase, blood lead levels were measured three times, while during ex-
posure they were measured once a week, except for the first three weeks when they were deter-
mined twice a week. Blood lead was measured by flame AAS according to the Westerlund modifi-
cation of Hesse!'s method.

Pre-exposure blood lead values for the 21 volunteers averaged 172 ppb. The effect of
ingestion of lead acetate on blood lead is displayed in Figure 11-26. After 7 days, mean
blood lead levels had increased from 17.2 to 26.2 ug/g. The time to reach a blood lead
level of 35.0 ug/g took 15 days on the average (range 7-40 days).
11.4.2.2.4 Schlegel study. Schlegel and Kufner (1979) report an experiment in which two sub-
jects received daily oral doses of 5 mg Pb2+ as an aqueous solution of lead nitrate for 6 and
13 weeks, respectively. Blood and urine samples were taken. Blood lead uptake (from 16-60
ug/dl in 6 weeks) and washout were rapid in subject HS, but less so in subject GK (from 12-29
ug/dl in 6 weeks). Time series data on other heme system indicators (FEP, ALA-0, ALA-U,
coproporphyrin III) were also reported.
11.4.2.2.5 Chamberlain study. This study (Chamberlain et al., 1978) was described in Section
11.4.1, and in Chapter 10. The ingestion studies on six subjects showed that the gut absorp-
tion of lead was much higher when lead was ingested between meals. There were also differ-
ences in absorption of lead chloride and lead sulfide.
11.4.2.3 Inadvertent Lead Ingestion from Lead Plumbing.
11.4.2.3.1 Early studies. Although the use of lead piping has been largely prohibited in
recent construction, occasional episodes of poisoning from this lead source still occur.
These cases most frequently involve isolated farms or houses in rural areas, but a surprising
urban episode was revealed in 1972 when Beattie et a>. (1972a,b) showed the seriousness of the
situation in Glasgow, Scotland, which had very pure, but soft, drinking water as its source.
The researchers demonstrated a clear association between blood lead levels and inhibition of
the enzyme ALA-D in children living in houses with (1) lead water pipes and lead water tanks,
(2) no lead water tank but with »ore than 60 ft of lead piping, and (3) less than 50 ft of
lead piping. The mean lead content of the water as supplied by the reservoir was 17.9 ug/1;
those taken from the faucets of groups 1, 2, and 3 were 934, 239, and 108 ug/1, respectively.
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Another English study (Crawford and Crawford, 1969) showed a clear difference between the
bone lead contents of the populations of Glasgow and London, the latter having a hard, nonsol-
vent water supply. In a study of 1200 blood donors in Belgium (De Graeve et al., 1975),
persons from homes with lead piping and supplied with corrosive water had significantly higher
blood lead levels.
11.4.2.3.2 Moore studies. Moore and colleagues have reported on several studies relating
blood lead levels to water lead levels. Moore (1977) studied the relationship between blood
lead level and drinking water lead in residents of a Glasgow tenement. The tenement was
supplied with water from a lead-lined water tank carried by lead piping. Water samples were
collected during the day. Comparative water samples were collected from houses with copper
pipes and from 15 lead-plumbed houses. Blood samples were taken wherever possible from all
inhabitants of these houses. The data indicated that if a house has lead-lined pipes, it is
almost impossible to reach the WHO standard for lead in water (100 ug/1). Linear regression
equations relating blood lead levels to first flush and running water lead levels are in
Tables 11-51 and 11-52 in-Section 11.4.2.4.

Moore (1977) also reported the analysis of blood lead and water lead data collected over
a four-year period for different sectors of the Scottish population. The combined data showed
consistent increases in blood lead levels as a function of first draw water lead, but the
equation was nonlinear at the higher range. The water lead values were as high as 2000 ug/1.
The fitted regression equation for the 949 subjects is in Table 11-51 in Section 11.4.2.4.

Moore et al. (1981a,b) reported a study of the effectiveness of control measures for
plumbosolvent water supplies. In autumn and winter of 1977, they studied 236 mothers aged
17-37 in a postnatal ward of a hospital in Glasgow with no historical occupational expo-
sure. Blood lead and tap water samples from the home were analyzed for lead by AAS under a
quality control prograa.

A skewed distribution of blood lead levels was obtained with a median value of 16.6
Mg/dl; 3 percent of the values exceeded 41 ug/dl. The geometric mean was 14.5 ug/dl. A cur-
vilinear relationship between blood lead level and water lead level was found. The log of the
maternal blood lead varied as the cube root of both first flush and running water lead concen-
trations. In Moore et al. (1979), further details regarding this relationship are provided.
Figure 11-27 presents the observed relationship between blood lead and water lead.

In April, 1978, a closed loop lime dosing system was installed. The pH of the water was
raised from 6.3 to 7.8. Before the treatment, more than 50 percent of random daytime water
samples exceeded 100 ug/1, the WHO standard. After the treatment was implemented, 80 percent
of random samples were less than 100 ug/1. It was found, however, that the higher pH was not
maintained throughout the distribution system. Therefore, in August, 1980, the pH was raised
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to 9 at the source, thereby maintaining the tap water at 8. At this time, more than 95 percent
of random daytime samples were less than 100 ug/1.

In the autumn and winter of 1980, 475 mothers from the same hospital were studied. The
median blood lead was 6.6 ug/dl and the geometric mean was 8.1 ug/dl. Comparison of the fre-
quency distributions of blood lead between these two blood samplings show a remarkable drop.
No other source of lead was thought to account for the observed change.

Sherlock et al. (1984) report that water treatment produced a sharp fall in water lead
concentrations and a decrease in the median blood lead concentrations from 21 to 13 ug/dl.
11.4.2.3.3 Thomas study. Thomas et al. (1979) studied women and children residing on two
adjacent housing estates. One estate was serviced by lead pipes for plumbing while the other
was serviced by copper pipe. In five of the homes in the lead pipe estate, the lead pipe had
been replaced with copper pipe. The source water is soft, acidic, and lead-free.

Water samples were collected from the cold tap in the kitchen in each house on three oc-
casions at two-week intervals. The following water samples were collected: daytime - first
water out of tap at time of visit; running - collected after tap ran moderately for 5 minutes
after the daytime sample; and first flush - first water out of tap in morning (collected by
residents). Lead was analyzed by a method (unspecified in report) that was reportedly under
quality control.

Blood samples were collected from adult females (2.5 ml venipuncture) who spent most of
the time in the home and from the youngest child (capillary sample). Blood samples were ana-
lyzed for lead by a quality-controlled unspecified method. Blood lead levels were higher in
the residents of the lead estate homes than in the residents of the copper estate homes.
Median levels for adult females were 39 and 14.5 ug/dl for the lead and copper estate homes,
respectively. Likewise, children's blood lead levels were 37 and 16.6 ug/dl, respectively.
Water lead levels were substantially higher for the lead estate than for the copper estate.
This was true for all three water samples.

The researchers then monitored the effectiveness of replacing the lead pipe on reducing
both exposure to lead in drinking water and, ultimately, blood lead levels. This monitoring
was done by examining subsamples of adult females for up to 9 months after the change was
implemented. Water lead levels became indistinguishable from those found in the copper estate
homes. Blood lead levels declined about 30 percent after 3-4 months and 50 percent at 6
and 9 months. At 6 months the blood lead levels reached those of women living in the copper
estates. A small subgroup of copper estate females was also followed during this time. No
decline was noted among them. Therefore, it was very likely that the observed reduction in
blood lead levels among the other women was due to the changed piping.
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The researchers then analyzed the form of the relationship between blood lead levels and
water lead levels. They tried several different shapes for the regression line. Curvilinear
models provided better fits. Figure 11-28 depicts the scatter diagram of blood lead and water
lead. An ERA analysis of the data is in Table 11-51 in Section 11.4.2.4.

A later publication by Thomas (1980) extended his earlier analysis. This more extensive
analysis was limited to lead estate residents. Subjects who did not consume the first drawn
water from the tap had significantly lower blood lead levels than those who did (10.4 ug/dl
difference). No gradient was noted in blood lead levels with increasing water consumption.
Furthermore, no gradient in blood lead levels was noted with total beverage consumption (tea
ingestion frequency).
11.4.2.3.4 Worth study. In Boston, Massachusetts, an investigation was made of water distri-
bution via lead pipes. In addition to the data on lead in water, account was taken of socio-
economic and demographic factors as well as other sources of lead in the environment (Worth et
al., 1981). Participants, 771 persons from 383 households, were classified into age groups of
less than 6, 6-20, and greater than 20 years of age for analysis. A clear association
between water lead and blood lead was apparent (Table 11-48). For children under 6 years of
age, 34.6 percent of those consuming water with lead above the U.S. standard of 50 (jg/1 had a
blood lead value greater than or equal to 35 ug/dl, whereas only 17.4 percent of those con-
suming water within the standard had blood lead~values of greater than or equal to 35 ug/dl.

Worth et al. (1981) have published an extensive regression analysis of these data. Blood
lead levels were found to be significantly related to age, education of head of household, sex,
and water lead exposure. Of the two types of water samples taken, standing grab sample and
running grab sample, the former was shown to be more closely related to blood lead levels than
the latter. Regression equations are given in Tables 11-51 and 11-52 in Section 11.4.2.4.
11.4.2.4 Summary of Dietary Lead Exposures, Including Water. It is difficult to obtain accu-
rate dose-response relationships between blood lead levels and lead levels in food or water.
Dietary intake must be estimated by duplicate diets or fecal lead determinations. Water lead
levels can be determined with some accuracy, but the varying amounts of water consumed by dif-
ferent individuals add to the uncertainty of the estimated relationships.

Studies relating blood lead levels to dietary lead intake are compared in Table 11-49.
Two studies had subjects with relatively high dietary lead intakes. In the Sherlock et al.
(1982) study, 10 of 31 subjects had lead intake levels greater than 300 ug/day. In the United
Kingdom Central Directorate study (1982), 12 of 110 subjects had levels greater than 300
ug/day. These concentrations are high enough that the slope is clearly lower in this range
than it is in the 0-100 pg/day range. The estimates of slopes for the cube root models may
be overestimates in the low range (0-100 ug/day) for the reasons discussed in section 11.4.
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TABLE 11-48. BLOOD LEAD LEVELS OF 771 PERSONS IN RELATION
TO LEAD CONTENT OF DRINKING WATER, BOSTON, MA

Persons consuming water (standing grab samples)
Blood lead <50 ug Pb/1 £50 pg Pb/1

levels, ug/dl

<35
>35

Total

No.

622
61

683

Percent

91
9

100

No.

68
20

88

Percent

77.3
22.7

100.0

Total

690
81

771

X2 = 14.35; df = 1.
p <0.01.

Source: Worth et al. (1981).

Conversely, the linear equation is probably an underestimate. The slope from the Ryu study
was estimated directly from changes in infants and is the best estimate available. The esti-
mates for adults are more accurately estimated from the experimental studies.

The experimental studies are summarized in Table 11-50. Most of the dietary intake sup-
plements were so high that many of the subjects had blood lead concentrations much in excess
of 30 ug/dl for a considerable part of the experiment. Blood lead levels thus may not com-
pletely reflect lead exposure, due to the previously noted nonlinearity of blood lead response
at high exposures. The slope estimates for adult dietary intake are about 0.02 ug/dl increase
in blood lead per ug/day intake, but consideration of blood lead kinetics may increase this
value greatly. Such values are a bit lower than those estimated from the adult population
studies extrapolated to typical dietary intakes in Table 11-49, about 0.05 ug/dl per ug/day.
The value for infants is much larger.

The studies relating first flush and running water lead levels to blood lead levels are
in Tables 11-51 and 11-52, respectively. Many of the authors chose to fit cube root models to
their data, although polynomial and logarithmic models were also used. Unfortunately, the
form of the model greatly influences the estimated contributions to blood lead levels from
relatively low water lead concentrations. As indicated in section 11.4, the models producing
high estimated contributions are the cube root models and the logarithmic models. All others
are polynomial models, either linear, quadratic, or cubic. The slopes of these models tend to
be relatively constant at the origin.
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TABLE 11-49. STUDIES RELATING BLOOO LEAD LEVELS (ug/dl) TO DIETARY INTAKES (ug/day)

Study

Sherlock et al.
(1982) study of
31 adult woaten
in Ayr

Sherlock et al.
(1982) study of

Analysis

Sherlock et al.
(1982)

Sherlock «t al.
(1982)

Model R*

PbB = -1.4 + 3.6 }~N>6 0.52

Pt>8 = 2.5 » 5.0̂ ~PED

Model
O.F.

2

2

Estimated
blood
lead at
0 H20 Pb

-1.4

2.5

Predicted blood lead
contribution (ug/dl) for
a given dietary intake

(ug/d) Slope fro* 100
100 200 300 ng/d. ug/dl per

16.7 21.1 24.1 0.034

23.2 29.2 33.5 0.060

to 200
ug/d

infants in Ayr
combined with U.K.
Central Directorate
Study

U.K. Central
Directorate
(1982) Study
of Infants In
Glasgow

Ryu et al. (1983)
study of Infants

U.K. Central
Directorate
on Environmental
Pollution
(1982)

EPA

PbB = 17.1 * 0.056(PbD) 0.39

PbB = 3.9 + 4.6 }~PH5 0.43

PbB = A * 0.16PbO

17.1

3.9

5.6 11.2 16.8

21.4 26.9 30.8

16.0 32.0 48.0

0.056

0.053

0.16



TABLE 11-bO. STUDIES INVOLVING BLOOD LEAD LEVELS (ug/dl) AND EXPERIMENTAL DIETARY INTAKES

Study

Stuik (1974)
Study I

Study II

Cools et al.
(1976)

Schlegel and
Kufner (1979)

Gross (1979)
analysis of
Kehoe's
experiments

* Exposure
** Corrected
*** Assumed •
**** Accimorl 1

Subjects

5 adult male students
5 adult feMle students
6 adult Mle students

5 adult feMle students
5 adult male students
5 adult feMle students

11 adult Mles
10 adult Mles

1 adult Mle
1 adult Mle

1 adult Mle
1 adult Mle
1 adult Mle
1 adult Mle

(ug/d) = Exposure (ug/kg/day)
for decrease of 2.2 ug/dl In

can life 40d. This increases
lattori ahtnrntinn of lead

Exposure

20 ug/kg/day -
20 ug/kg/day -
Controls

20 ug/kg/day
30 ug/kg/day
Controls

30 ug/kg/day ~
Controls

21 d.
21 d.
- 21 d.

7 days

SO ug/kg/day - 6 wk.
70 Mfl/kg/day -13 wk.

300 ug/day
1000 ufl/My
2000 ug/day
3000 ug/day

x 70 kg for Mles,
control Mles.
slope estimate for

55 kg for f

short- term

Form of lead

Lead acetate
Lead acetate
Placebo

Lead acetate
Lead acetate
Placebo

Lead acetate
Placebo

Lead nitrate
Lead nitrate

Lead acetate
Lead acetate
Lead acetate
Lead acetate

emales. Slope = (Final

studies. Stuik Study I

Blood lead
Initial

20.6
12.7
20.6

17.3
16.1

-17.0

17.2

16.5
12.4

- Initial Blood

would be 0.042.

Final

40.9
30.4
IB. 4

41.3
46.2

-17.0

26.2
-19.0

64.0
30.4

-1
+17
+33
+19

Lead)/Exposure

Slope,* ug/dl
per ug/d

0.017**.***
0.018**.***

0.022
0.014

0.027***

0.014
0.004****

[0]
0.017
0.016
0.006*****

(ug/d).

0.044 respectively for males, females.

***** Removed fro* exposure before equilibrium.



TABLE 11-51. STUDIES RELATING BLOOD LEAD LEVELS (pg/dl) TO FIRST-FLUSH WATER LEAD (Mfl/1)

Study Analysis Model H2
Model
D.F.

Estimated
blood
lead at

0 H20 Pb

Predicted blood lead
contribution (pg/dl) for

a given water lead
~5———W——2T~

Worth et al. (1981) study of 524
subjects in greater Boston. Water
leads (standing water) ranged
<13 to 1108 Mfl/1. Blood leads
ranged fro* 6 to 71.

Moore et al. (1979) study of 232
anthers at delivery in Glasgow.
in of the water leads were over
300 Mfl/1-

HuberDont et al. (1978) study of
70 pregnant women in rural Belgium.
Water leads ranged free) 0.2 to
1228.5 Mfl/1- Blood leads ranged
fro* S.I to 26.3 MO/01

U.K. Central Directorate (1982)
study of 128 anthers in greater
Glasgow. Water leads ranged from

£. under <10 to 1060 Mfl/1• Blood
^_ leads ranged fro* 2 to 39 ug/dl.
^ U.K. Central Directorate (1982)

study of 126 infants (as above).
Blood leads ranged fro* 1 to 51
Mfl/dl.

ThoMs et al. (1979) study of 115
adult Welsh females. Water leads
ranged from <10 to 2800 Mfl/dl.
Blood leads ranged fro* S to 65
Mfl/dl.

Moore (1977) study of 75 residents
of a Glasgow tenement

Pocock et al. (1983) study of 7735
•en aged 40-59 in Great Britain.
Water leads restricted to <100 Mfl/1 •

Moore (1984) study of 568
anthers in Scotland.

Worth et al. (1981)

EPA

In (PbB) = 2.729 PbW - 4.699 (PbW)* +
2.116 (PbW)1 + other term* for age.
sex, education, dust (PbW is in mg/1)

In (PbB) = In (.041 PbW - .000219
(PbW)* * other terms for age. sex.
education, dust)

Moore tt al. (1979) PbB = 5.81 * 2.73 (PbW)V
s

Hubermont et al.
(1978)

PbB = 9.62 + 0.756 tn (PbW)

U.K. Cen. Olr. (1982)
U.K. Cen. Dir. (1982)
Lacey et al. (1985)
EPA

U.K. Cen. Dir. (1982)
U.K. Cen. Dir. (1962)
Lacey et al. (1985)
EPA

EPA

Moore (1977)

PbB * 13.2 * 1.8 (PbW) '
PbB = 18.0 * 0.009 PbW
PbB - 14.0 * 0.062 PbW
In (PbB) = In (14.2 + 0.033
PbW - 0.000031 PbW1)

PbB = 9.4 » 2.4 (PbW)l/*
PbB = 17.1 + 0.018 PbW
PbB = 14.0 + .062 PbW
In (PbB) = In (14.2 + 0.033
PbW - 0.000031 PbW*)

In (PbB) = [14.9 + 0.041 PbW
(PbW)*]

PbB = 15.7 + 0.015 PbW

0.18

0.18

0.44

0.14

0.11
0.05

0.10

0.17
0.12

0.15

0.000012 0.61

0.34

Pocock et al. (1983) PbB = 14.48 * 0.062 PbW

14

11

Moore (1984) PbB = 5.5 * 2.63 (PbW) 0.59

20.5

21.1

5.8

8.4"

13.2
18.0
14.0
14.2

9.4
17.1
14.0
12.0

14.9

15.7

14.5

5.5

0.3 0.6 1.4 2.7

0.2 0.4 1.0 2.1

4.7 5.9 8.0 10.1

2.4 3 .0 3 .7 4 .2

3 . 1 3 9 5 . 3 6 . 6
0.0 0.1 0.2 0.4
0.3 0.6 1.6 3.1
0.2 0.3 0.8 1.6

4.1 5.2 7.0 8.8
0.1 0.2 0.4 0.9
0.3 0 .6 1 .6 31
0.2 0.5 1.2 2.4

0.2 0.4 1.0 2.0

0.1 0.2 0.4 08

0.3 0.6 1.6 31

4 . 5 5 . 7 7 . 7 9 . 7

•Mini water lead of 0.2 used instead of 0.



TABLE 11-52. STUDIES RELATING BLOOD LEAD LEVELS (HO/dl) TO RUNNING WATER LEAD (ug/1)

CO
co

Study

Worth et al. (1981) study of 524 sub-
jects In greater Boston. Water leads
ranged fro» <13 to 208 ug/dl. Blood
leads ranged fro* 6 to 71.

Worth et al. (1981) study restricted
to 390 subjects aged 20 or older.

Worth et al. (1981) study restricted
to 249 feeules ages 20 to SO.

U.K. Central Directorate (1982)
study of 128 withers In greater
Glasgow. Water leads ranged fro*
under 20 to 720 ug/1. Blood
leads ranged fro* 1 to 39
ug/dl.

U.K. Central Directorate (1982)
study of 126 Infants (as above).
Blood leads ranged froa 1 to 51

EPA

U.S.
EPA
EPA

U.S.
EPA
EPA

U.K.
U.K.
EPA

U.K.
U.K.
EPA

Analysis Model

In (PbB) = (0.0425 PbW + other terms for
age, sex, education, and dust)

EPA (1980) PbB = 14.33 * 2.541 (PbW)'/S
In (PbB) * In (18.6 * 0.071 PbW)
In (PbB) * In (0.073 PbW « other terns
for sex, education, and dust)

EPA (1980) PbB » 13.38 * 2.487 (PoW)'7'
In (PbB) * In (17.6 * 0.067 PbW)
In (PbB) = (0.067 PbW + other tents
for education and dust)

Cen.01r.(1962) PbB - 12.8 * 1.8 (PbW)'7'
Cen.01r.(1982) PbB * 18.1 * 0.014 PbW

In (PbB) - In (13.4 * 0.071 PbW
-0.000104 PbW*)

Cen.D1r.(1982) PbB = 7.6 t 2.3 (PbW)'/S
Cen.D1r.(1982) PbB = 16.7 + 0.033 PbW

In (PbB) - In (12.3 t 0.068 PbW

Model
R2 D.F.

0.153

0.023
0.028
0.153

0.030
0.032
0.091

0.12
0.06
0.16

0.22
0.12
0.20

10

2
2
7

2
2
6

2
2
3

2
2
3

Estimated
blood
lead at
0 H20 Pb

21.3

14.3
18.6
18.8

13.4
17.6
17.6

12.8
18.1
13.4

7.6
16.7
12.3

Predicted blood lead
contribution (pg/dl) fur
a given water lead (pg/1)

5

0.2

4.4
0.4
0.4

4.3
0.3
0.3

3.1
0.1
0.4

3.9
0.2
0.3

10

0

5
0.
0.

5.
0
0.

3.
0.
0.

5
0
0

4

4
7
7

4
7
.7

9
4
7

.0

.3

.7

25

1.

7
1
1.

7
1
1

5.
0
0.

6
0
1

1

.4
a
8

3
7
7

3
4
7

.7

.8

.7

50

2. 1

9.4
3.6
3.7

9.2
3.4
3.4

6.6
0.7
3.3

8.5
1.6
3.3

Hfl/d).

Moore (1977) study of 75 residents Noore (1977)
of a Glasgow tenement.

Sherlock et al. (1982) study of 114 Sherlock et al.
adult wo«en. Blood leads ranged (1982)
<5 to >61 ug/dl. Kettle water leads EPA
ranged fro* <10 to >2570 ug/1.

Sherlock et al. (1984) follow-up Sherlock et al.
study. (1984)

-0.000056 PbW2)

PbB = 16.6 * 0.02 PbW

PbB = 4.7 + 2.78 (PbW) '

In (Pbfl) = In U1.5 JJLD33 PbW
-0.00001 PbW2)

PbB = 5.6 + 2.62 (PbW)'/S

0.27

0.56
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The problem of determining the most appropriate model(s) at low water lead levels
(0-25 ug/1) is extremely difficult. Most data sets estimate a relationship that is primarily
based on water lead levels of 50-2000 yg/1, and the problem becomes essentially a low-dose
extrapolation problem. The only study which 'estimates the relationship based primarily on
lower water lead levels (<100 ug/1) is the Pocock et al. (1983) study. The data from this
study, as well as the authors themselves, suggest that in this lower range of water lead
levels, the relationship is linear. Furthermore, the contributions to blood lead levels esti-
mated from this study are quite consistent with the polynomial models from the other first-
flush water lead studies, such as Worth et al. (1981), United Kingdom Central Directorate on
Environmental Pollution (1982), and Thomas et al. (1979). For these reasons the Pocock et al.
(1983) slope of 0.06 is our best estimate for first-flush water lead studies. The slopes for
running water lead studies are about 1.5 to 2.0 times as large. The possibility does exist,
however, that the higher initial slopes from the cube-root and logarithmic models are correct.

11.4.3 Studies Relating Lead in Soil and Dust to Blood Lead
The relationship of exposure to lead contained in soil and house dust, and the amount of

lead absorbed by humans, particularly children, has-been the subject of scientific investiga-
tion for some time (Duggan and Willians, 1977; Barltrop, 1975; Creason et al., 1975; Barltrop
et al., 1974; Roberts et al., 1974; Sayre et al., 1974; Ter Haar and Aronow, 1974; Fairey and
Gray, 1970). Duggan and Williams (1977) published an assessment of the risk of increased
blood lead resulting from the ingestion of lead in dust. Some of these studies have been con-
cerned with the effects of such exposures (Barltrop, 1975; Creason et al., 1975; Barltrop et
al., 1974; Roberts et al., 1974; Fairey and Gray, 1970); others have concentrated on the means
by which the lead in soil and dust becomes available to the body (Sayre et al., 1974; Ter Haar
and Aronow, 1974; Brunekreef et al., 1983).
11.4.3.1 Omaha, Nebraska Studies. The Omaha studies were described in Section 11.4.1.7.
Soil samples were 2-inch cores halfway between the building and the lot line. Household dust
was collected fro* vacuua cleaner bags. The following analysis was provided courtesy of Dr.
Angle. The model 1s also described in Section 11.4.1.8, and provided the coefficients and
standard errors shown in Table 11-53.
11.4.3.2 Stark Study. Stark et al. (1982) used a large-scale lead screening program in New
Haven, Connecticut, during 1974-77 as a means of identifying study subjects. The screening
program had blood lead levels on 8289 children, ages 1-72 months, that represented oout 80
percent of the total city population in that age group. From this initial populati a much
smaller subset of children was identified for a detailed environmental exposure st^,. Using
the classifying criteria of residential stability and repeatable blood lead levels (multiple
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TABLE 11-53. COEFFICIENTS AND STANDARD ERRORS FOR OMAHA STUDY MODEL

Asymptotic
Factor Coefficient Standard Error

Intercept (ug/dl) 15.67 0.398
Air lead (ug/m3) 1.92 0.600
Soil lead (mg/g) 6.80 0.966
House dust (mg/g) 7.18 0.900

Multiple R2 = 0.198
Sample size = 1075
Residual standard deviation = 0.300 (geometric standard deviation = 1.35)

measurements fell into one of three previously defined blood lead concentration categories), a
potential study population of 784 was identified. Change of residence following identifica-
tion and refusal to let sanitarians make inspections resulted in 407 children being dropped;
the final study population contained 377 children.

With the exception of dietary lead intake, each child's potential total external lead
exposure was assessed. Information was obtained on lead in air, house dust, interior and
exterior paint, and soil near and far from the home. A two percent sample of homes with
children having elevated lead levels had tap water lead levels assessed. No water lead levels
above the public health service standard of 50 ug/1 were found. Socioeconomic variables were
also obtained.

For all children in the study, micro blood samples were taken and analyzed for lead by
AAS with Delves cup attachment. Blood lead values were found to follow a lognormal distri-
bution. Study results were presented using geometric means and geometric standard deviation.
Among the various environmental measurements a number of significant correlation coefficients
were observed. However, air lead levels were independent of most of the other environmental
variables. Environmental levels of lead did not directly follow socioeconomic status. Most
of the children, however, were in the lower socioeconomic groups.

Multiple regression analyses were performed by Stark et al. (1982) and by ERA*, using all
926 blood lead measurements. Stark and coworkers derived a log-log model with R2 = 0.11, and
no significant effects of race or age were found. ERA fitted a linear exposure model in loga-
rithmic form with results shown in Table 11-54. Significant differences among age groups were

*NOTE: The term ERA analyses refers to calculations done at ERA. A brief discussion of the
methods used is contained in Appendix 11-B; more detailed information is available at ERA
upon request.
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TABLE 11-54. MULTIPLE REGRESSION MODELS FOR BLOOD LEAD
OF CHILDREN IN NEW HAVEN, CONNECTICUT, SEPTEMBER 1974 - FEBRUARY 1977

Regression Coefficients and Standard Errors

Covariate

Summer - winter
Dust, ug/g
Housekeeping quality
Soil near house, ug/g
Soil at curb, ug/g
Paint, child's bedroom
Paint outside house
Paint quality
Race - Black

Residual standard deviations
lultiple R2

Sample size (blood samples)

Ages
0-1 yr

6.33 ± 2.11*
0.00402 ± 0.00170*

4.38 ± 2.02*
0.00223 ± 0.00091*
0.00230 ± 0.00190
0.0189 ± 0.0162
-0.0023 ± 0.0138
0.89 ± 1.71
2.16 ± 2.05

0.1299
0.289
153

Ages
2-3 yr

3.28 ± 1.30*
0.00182 ± 0.00066*

1.75 ± 1.17
-0.00016 ± 0.00042
0.00203 ± 0.00082*
0.0312 ± 0.0066*
0.0200 ± 0.0069*
3.38 ± 0.96*
0.07 ± 1.09

0.0646
0.300
334

Ages
4-7 yr

2.43 ± 1.38*
0.00022 ± 0.00077

-1.61 ± 1.12
0.00060 ± 0.00041
0.00073 ±0.00079
0.0110 ±0.0064*
0.0172 ±0.0067*
4.14 ± 1.15*
5.81 ± 1.00*

0.1052
0.143
439

*Significant positive coefficient, one-tailed p <0.05.

noted, with considerably improved predictability (R2 = 0.29, 0.30, 0.14 for ages 0-1, 2-3, and
4-7). Sex was not a significant variable, but Race = Black was significant at ages 4-7. Air
lead did not significantly improve the fit of the model when other covariates were available,
particularly dust, soil, paint, and housekeeping quality. However, the range of air lead
levels was small (0.7-1.3 ug/n3) and some of the inhalation effect may have been confounded
with dust and soil ingestion. Seasonal variations were important at all ages.

EPA analyses of data from children in New Haven (Stark et al., 1982) found substantial
evidence for dust and soil lead contributions to blood lead, as well as evidence for increased
blood lead due to decreased household cleanliness. These factors are somewhat correlated with
each other, but the separate roles of increased concentration and cleanliness could be distin-
guished. Overall dust, soil, and paint lead levels were not presented in the published
papers, but data presented by year of housing construction indicate that meaningful lead expo-
sures were present. Geometric mean dust lead levels varied from 239 ppm for houses built in
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1960-1969 to 756 ppm for those built in 1910-1919. Soil lead levels varied from 131 ppra to
1273 ppm for 1970-1977 and 1920-1929, respectively.
11.4.3.3 The Silver Valley/Kellogg Idaho Study. The Silver Valley/Kellogg Idaho study was
discussed in section 11.4.1.6. Yankel et al. (1977) showed that lead in both soil and dust
was independently related to blood lead levels. In their opinion, 1000 |jg/g soil lead ex-
posure was cause for concern. Walter et al. (1980) showed that children aged 3 through 6
showed the strongest relationship between soil lead and blood lead, but 2-year-olds and 7-year-
olds also had a significant relationship (Table 11-29). The slope of 1.1 for soil lead (1000
pg/g) to blood lead (ug/dl) represents an average relationship for all ages.

The Silver Valley-Kellogg Idaho study also gave some information on house dust lead, al-
though this data was less complete than the other information. Regression coefficients for
these data are in Tables 11-29 and 11-30. In spite of the correlation of these predictors,
significant regression coefficients could be estimated separately for these effects.
11.4.3.4 Blood Lead Levels of Dutch City Children. Brunekreef et al. (1983) reported on a
very extensive study on blood lead and environmental variables in native Dutch children 4-6
years old. Three hundred seventy-one children participated in the blood lead survey and 195
children in the environmental study as well. The environmental evaluation was carried out in
April-June 1981 in the cities of Rotterdam, the Hague, and Zoetermeer. Blood was sampled by
venipuncture. The environmental variables included:

In the home of each child:
• lead in drinking water (one first-draw sample)
• lead deposition indoors, using 2 greased deposition plates per home and an averaging

time of 4 weeks
• lead in floor dust, using a special vacuum cleaner to take 2 duplicate samples 4 weeks

apart
• lead in 0-5 cm top soil in gardens, if present

In living area:
• lead deposition outdoors on 5-10 spots per area with an averaging time of 4 weeks

lead in street dust using the vacuum cleaner method, taking 30-40 duplicate samples
per area on 2 occasions 4 weeks apart

In the classroom/school:
• lead in drinking water (one running sample)
• lead deposition indoors, applying 2 plates in 2 classrooms per school with an averag-

ing time of 4 weeks
• lead in floor dust, taking 2 duplicate samples in 2 different classrooms per school,

4 weeks apart
• lead in playground dust, using the vacuum cleaner method to take 4 duplicate samples

on two occasions 4 weeks apart
• lead in 0-5 cm top soil in playground

lead on dominant hand of child, after playing outdoors for at least 30 minutes in
school playground on a dry day.
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Resulting blood lead levels and environmental lead measurements are shown in Tables 11-55
to 11-58.

Multiple regression analyses were done by Brunekreef et al. in logarithmic rather than
linear form. The equation is as follows.

In PbB = 1.882 + 0.163C In (lead deposition outdoors) - 0.003b (year of construc-

tion - 1900) + 0.135b (hand dirtiness) - 0.380d (milk consumption) + 0.116b

(presence of pets) + 0.1063 (mouthing behavior) - 0.069 (number of rooms)
ap <0.01. bp <0.005. Cp <0.001. dp <0.0001. (11-19)

Multiple regression analysis for combined inner city and suburban populations give the
following: n = 193, R2 = 0.519, F-total = 28.5.

Lead deposition outdoors was an important factor, but only in the combined sample, so
confounding cannot be ruled out. This appears, however, to be the single most important
environmental source, particularly in conjunction with hand dirtiness and with mouthing
behavior. Further analyses of these data are proposed. The difference of about 2 ug/dl
between city and suburban children (adjusted for all other covariates) can hardly be attri-
buted to direct inhalation of ambient air lead which differs slightly from city to suburb
(0.12-0.13 pg/rn3), and hence must be attributed to other pathways. The large coefficient for
milk reflects the known importance of calcium in lead metabolism and is also related to mouth-
ing behaviors, including pica. The presence of pets probably increases the exposure to dirt.
This study thus corroborates the importance of various non-inhalation pathways for lead in
children, particularly the dust-hand-mouth pathway.

Dr. Brunekreef has (personal communication, February 8, 1984) fitted his data on Dutch
children to a linear model in logarithmic form, as the Environmental Protection Agency has
done elsewhere in the present document. The regression coefficients are all statistically
significant, and variables are as in his 1983 paper. The logarithmic linear model had vari-
ance s2 = 0.06272 and R2 = 0.521; it thus provided an (insignificantly) better description of
the data than the original log-log model.
11.4.3.5 Charney Study. Charney et al. (1980) conducted a case control study of children
ages 1.5-6 with highly elevated and non-elevated blood lead levels. Cases and controls were
initially identified from the lead screening programs of two Rochester, New York, health
facilities. Cases were defined as children who had at least two blood lead determinations
between 40 and 70 ug/dl and FEP values greater than 59 ug/dl during a 4-month period. Con-
trols were children who had blood lead levels equal to or less than 29 ug/dl and FEP equal to
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TABLE 11-55. AIR LEAD LEVELS IN THE ROTTERDAM AREA (BRUNEKREEF ET AL., 1983)

Sampling location
Geometric mean air lead level in ug/m3

January-March, 1981 April-June, 1981

Rotterdam (center)

Maassluis (upwind suburb)

0.27

0.14

0.22

0.10

TABLE 11-56. BLOOD LEAD LEVELS IN ug/100 ml FOR CHILDREN WHO
PARTICIPATED IN BLOOD SURVEY AND ENVIRONMENTAL SURVEY3

City

Rotterdam (center)

Rotterdam (suburb)

The Hague

Zoetermeer

Number

54

72

16

53

Geometric
mean

13.1

8.2

11.5

7.9

Percentile
Range

7-31

5-15

7-21

4-15

50

13

8

11

8

90

19

11

19

11

98

23

14

21

14

Difference between city and suburb significant (t-test on arithmetic means; p <0.001).

TABLE 11-57. SCHOOL VARIABLES (ARITHMETIC MEANS) FOR MEASURED LEAD CONCENTRATIONS

City

Rotterdam

Rotterdam

Zoetermeer

In
drinking
water,
ug/1
6

1

1

Deposition
i ndoors ,
ug/mVd

11.74

4.29

4.59

On
floors,
ug/m2

100

29

40

On
schoolyard,

ug/m2

1120

364

337

In sandy
playground,

mg/kg

6

5

6

alnner city.
W £ L M «l»
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TABLE 11-58. RESULTS OF LEAD MEASUREMENTS REPORTED BY BRUNEKREEF ET AL. (1983)

City

Lead deposition
Rotterdam?
Rotterdam
The Hague*
Zoetermeer

Lead on streets
Rotterdam.
Rotterdam
The Hague b
Zoetertneer

Lead in garden
Rotterdam?
Rotterdam"
The Hagueab
Zoetertneer

Lead deposition
Rotterdam.
Rotterdam"
The Hague .
Zoetermeer

Lead on floors
Rotterdam.
Rotterdam
The Hague .
Zoetermeer

Concentration
2

Range n t-test

outdoors (arithmetic mean, ug/m /d)
643
220
369
125

2
(geometric mean, M9/m )

532
318
428
126

soil (geometric mean, mg/kg)
336
43
278
21

2
indoors (geometric mean, pg/m /d)

2.86
0.99
4.32
1.51

2
(geometric mean, ug/m )

81
30
58
32

Lead in drinking water (geometric mean, pg/l)
Rotterdam? 20
Rotterdam" 2
The Hague3.
Zoetermeer

21
1

394-957
144-315
317-439
73-278

168-2304
113-1155
81-1339
46-497

6-184
35-527
3-75

0.10-20.86
0.10-8.40
1.95-27.05
0.48-4.40

5-740
1-410
22-166
3-201

1-126
1-50
1-85
1-4

9
6
5
10

37
36
10
21

1
56
6
33

48
67
13
49

43
62
11
50

46
60
16
53

p <0.001
p <0.001
p <0.001
p <0.001

p <0.005
p <0.005
p <0.001
p <0.001

p <0.001
p <0.001

p <0.001
p <0.001
p <0.001
p <0.001

p <0.001
p <0.001
p <0.025
p <0.025

p <0.001
p <0.001
p <0.001
p <0.001

Lead on hands (geometric mean, ug/hand)
Rotterdam.
Rotterdam .
Zoetermeer

Inner city.
£ W W

12
5
4

1-96
1-21
1-18

44
65
37

p <0.001
p <0.001
p <0.001
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or less than 59 ug/dl. High-level children were selected first and low-level children were
group-matched based on age, area of residence, and social class of the family. Home visits
were made to gain permission as well as to gather questionnaire and environmental data. Lead
analyses of the various environmental samples were done at several different laboratories. No
specification was provided regarding the analytical procedures followed.

The matching procedure worked well for age, and mother's educational level and employment
status. There were more blacks in the high lead group as well as more Medicaid support.
These factors were then controlled in the analysis; no differences were noted between the high
and low blood lead groups regarding residence on high traffic density streets (>10,000 vehi-
cles/ day) or census tract of residence.

The two groups differed regarding mean house dust lead levels (1265 ug/sample for high
and 123 ug/sample for low). Median values also differed, 149 versus 55 ug/sample. One-third
of the children in the low blood lead group had house dust lead samples with more lead than
those found in any middle class home previously investigated.

There were considerably greater quantities of lead on the hands of the high blood lead
group compared with the low lead group (mean values were 49 and 21 ug/sample, respectively).
Hand and house dust lead levels were correlated (r = 0.25) but the relationship was not
linear. At the low end of the house dust lead values, hand dust was always low but the con-
verse was not true: not every child exposed to high house dust lead had high hand dust
levels.

In addition to hand and house dust lead, other factors differentiated the high and low
blood lead groups. Although both groups had access to peeling paint in their homes (~2/3),
paint lead concentrations exceeding 1 percent were found more frequently in the high as oppo-
sed to the low group. Pica (as defined in Chapter Seven) was more prevalent in the high lead
group as opposed to the low lead group.

Since the data suggested a multifactorial contribution of lead, a multiple regression
analysis was undertaken. The results suggest that hand lead level, house dust lead level,
lead in outside soil, and history of pica are very important in explaining the observed vari-
ance in blood lead levels.
11.4.3.6 Charleston Studies. In one of the earliest investigations regarding soil lead expo-
sures, Fairey and Gray (1970) conducted a retrospective study of lead poisoning cases in
Charleston, South Carolina. Two-inch core soil samples were collected from 170 randomly
selected sites in the city and were compared with soil samples taken from homes where 37 cases
of lead poisoning had occurred. The soil lead values obtained ranged from 1 to 12,000 ug/g,
with 75 percent of the samples containing less than 500 ug/g. A significant relationship
between soil lead levels and lead poisoning cases was established; 500 ug/g was used as the
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cutpoint in the chi-square contingency analysis. Fairey and Gray were the first to examine
this complex problen and, although their data support the soil lead hypothesis, the relation-
ship between soil lead and blood lead levels could not be quantified. Furthermore, because no
other source of lead was measured, any positive association could have been confounded by
additional sources of lead, such as paint or air.

A later study by Galke et al. (1975), in Charleston, used a house-to-house survey to re-
cruit 194 black preschool children. Soil, paint, and air lead exposures, as measured by traf-
fic density, were established for each child. When the population was divided into two groups
based on the median soil lead value (585 ug/g), a 5 ug/dl difference in blood lead levels was
obtained. Soil lead exposure for this population ranged from 9 to 7890 pg/g. Vehicle traffic
patterns were defined by area of recruitment as being high or low. A multiple regression
analysis of the data showed that vehicle traffic patterns, lead level in exterior siding
paint, and lead in soil were all independently and significantly related to blood lead levels.
Using the model described in Appendix 11B, the following coefficients and standard errors were
obtained as shown in Table 11-59.

TABLE 11-59. COEFFICIENTS AND STANDARD ERRORS FROM MODEL OF CHARLESTON STUDY

Factor

Intercept (ug/dl)
Pica (1 = eater, 0 = otherwise)
Traffic pattern (1 = high, 0 = low)
Siding paint (ing/ cm2)
Door paint (mg/cm2)
Soil lead (mg/g)

Coefficient

25.92
7.23
7.11
0.33
0.18
1.46

Asymptotic
standard error

1.61
1.60
1.48
0.11
0.12
0.59

Multiple R2 = 0.386
Residual standard deviation = 0.2148 (geometric standard deviation = 1.24)

11.4.3.7 Barltrop Studies. Barltrop et al. (1974) described two studies in England- investi-
gating the soil lead to blood lead relationship. In the first study, children aged 2 and 3
and their mothers from two towns chosen for their soil lead content had their blood lead
levels determined from a capillary sample. Hair samples were also collected and analyzed for
lead. Lead content of the suspended particulate matter and soil was measured. Soil samples
for each home were a composite of several 2-inch core samples taken from the yard of each
home. Chemical analysis of the lead content of soil in the two towns showed a 2- to 3-fold
difference, with the values in the control town about 200-300 ug/g compared with about 700-
1000 Mg/g in the exposed town. A difference was also noted in the mean air lead content of
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the two towns, 0.60 compared with 0.29 ug/m3. Although this difference existed, both
air lead values were thought low enough not to affect the blood level values differentially.
Mean surface soil lead concentrations for the two communities were statistically different,
the means for the high and low community being 909 and 398 ug/g, respectively. Despite this
difference, no statistically significant differences in maternal blood lead levels or chil-
dren's blood or hair lead levels were noted. Further statistical analysis of the data, using
correlational analysis on either raw or log-transformed blood lead data, likewise failed to
show a significant relationship of soil lead with either blood lead or hair lead.

The second study was reported in both preliminary and final form (Barltrop et al., 1974;
Barltrop, 1975). In the more detailed report (Barltrop, 1975), children's homes were clas-
sified by their soil lead content into three groups: less than 1,000; 1,000 - 10,000; and
greater than 10,000 ug/g. As shown in Table 11-60, children's mean blood lead levels increased
correspondingly from 20.7 to 29.0 ug/dl. Mean soil lead levels for the low and high soil,
exposure groups were 420 and 13,969 ug/g» respectively. Mothers' blood levels, however, did
not reflect this trend; nor were the children's fecal lead levels different across the soil
exposure areas.

TABLE 11-60. MEAN BLOOD AND SOIL LEAD CONCENTRATIONS IN ENGLISH STUDY

Category
of soil lead

(pg/g)
<1000

1000-10000

> 10000

Sample
size

29

43

10

Children's
blood lead

(Mg/dl)

20.7

23.8

29.0

Soil lead
(pg/g)

420

3390

13969

Source: Barltrop, 1975.

An analysis of the data in Table 11-60 gives the following model

blood lead (ug/dl) = 0.64 soil lead (1000 ug/g) + 20.98 (11-20)

No confidence intervals were calculated since the calculations were based on means.
11.4.3.8 The British Columbia Studies. Neri et al. (1978) studied blood lead levels in
children living in Trail, British Columbia. Capillary blood samples were collected and
analyzed for lead by anodic stripping voltammetry. Duplicate samples were analyzed and the
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results were discarded whenever the values differed by more than 8 ug/dl. This procedure
probably helped control to some degree the commonly encountered positive bias in blood lead
levels observed when capillary samples are used. An episode of poisoning of horses earlier
had been traced to ingestion of lead. Environmental monitoring at that time did not suggest
that a human health risk existed. However, it was later thought wise to conduct a study of
lead absorption in the area.

Trail had been the site of a smelter since the turn of the century. The smelter had
undergone numerous changes for reasons of both health and productivity. At the time of the
blood lead study, the smelter was emitting 300 pounds of lead daily, with ambient air lead
levels at about 2 ug/m3 in 1975. Nelson, BC was chosen as the control city. The cities are
reasonably close (~30 miles distant), similar in population, and served by the same water
basin. The average air lead level in Nelson during the study was 0.5 ug/m3.

Initial planning called for the sampling of 200 children in each of three age groups (1-3
years, 1st grade and 9th grade) from each of the two sites. A strike at the smelter at the
onset of the study caused parts of the Trail population to move. Hence, the recruited sample
deviated from the planned one. School children were sampled in May, 1975 at their schools
while the 1- to 3-year olds were sampled in September, 1975 at a clinic or home. This delayed
sampling was intentional to allow those children to be exposed to the soil and dust for the
entire summer. Blood and hair samples were collected from each child.

The children in the younger age groups living in Trail had higher blood lead levels than
those living in Nelson. An examination of the frequency distributions of the blood lead
levels showed that the entire frequency of the distribution shifted between the residents of
the two cities. Interestingly, there was no difference in the ninth grade children.

Table 11-61 displays the results of the soil lead levels along with the blood lead levels
obtained in the earlier study. Blood lead levels were higher for 1- to 3-year olds and first
graders in the two nearest-to-smelter categories than in the far-from-smelter category.
Again, no difference was noted for the ninth graders.

An ERA analysis of the Neri et al. (1978) data gives the following models for children 1-
to 3-years old

Blood lead (ug/dl) = 0.0076 soil lead (ug/g) + 15.43, and (11-21)

Blood lead (ug/dl) = 0.0046 soil lead (ug/g) + 16.37 (11-22)

for children in grade one. No confidence intervals were calculated since the analysis was
based on means.
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TABLE 11-61. LEAD CONCENTRATION OF SURFACE SOIL AND CHILDREN'S
BLOOD BY RESIDENTIAL AREA OF TRAIL, BRITISH COLUMBIA

Residential
area(s)

1 and 2
5
9

3, 4, and 8
6 and 7

Total

Mean
soil lead

concentration, ug/g,
± standard error

(and no. of samples)

225 ± 39 (26)
777 ± 239 (12)
570 ± 143 (11)
1674 ± 183 (53)
1800 ± 212 (51)

1320 ± 212 (153)

Blood
ug/dl
error

1- to 3-
year olds

17.2 ±1.1 (27)
19.7 ±1.5 (11)
20.7 ± 1.6 (19)
27.7 ± 1.8 (14)
30.2 ± 3.0 (16)

22.4 ± 1.0 (87)

lead concentration,
, mean ± standard
(and no. of children)

Grade one
children

18.0 ±1.9 (18)
18.7 ±2.3 (12)
19.7 ±1.0 (16)
23.8 ± 1.3 (31)
25.6 ± 1.5 (26)

21.9 ±0.7 (103)

Source: Schmitt et al., 1979.

11.4.3.9 The Baltimore Charney Study: A Controlled Trial of Household Dust Lead Reduction.
Charney et al. (1983) selected children from the Lead Poisoning Clinic of the John F. Kennedy
Institute in Baltimore. The children were all 15-72 months old at the time of enrollment and
had at least two venous blood lead levels between 30 and 49 ug/dl and FEP < 655 ug/dl. The
children were also required to have had the same place of residence for at least the preceding
six months. Their houses had to have been deleaded in accordance with standard procedures
used by the Baltimore City Health Department. Experimental control subjects were recruited on
the basis of attendance at routine periodic blood lead monitoring. Alternative identification
numbers were used for allocation to experimental and control groups. Home visits were made
for children in the experimental group and a 930 cm2 area of the floor or windowsill was wiped
with an alcohol-treated cloth towel and the dust lead content analyzed. A "dust control team"
then visited each home twice monthly and wet-mopped all surfaces with >100 ug Pb per 930 cm2.
The child's caretaker was advised to wet-mop these surfaces and other "hot spots" more fre-
quently, to wash the child's hands before meals and at bedtime, and to restrict access to high-
lead areas.

Both the 14 experimental subjects receiving the above treatment and the 35 control sub-
jects started the study with about the same moderately elevated blood lead levels, 38.6 ±
5.2 ug/dl at the start of the experiment. These levels had remained almost stationary for six
months before the experiment, increasing only 1 ug/dl on average. After a year of dust con-
trol , the experimental subjects had reduced their PbB levels by 6.9 ug/dl, whereas the control
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subjects had reduced their PbB levels insignificantly (0.7 ug/dl). Five of the control sub-
jects actually had increased PbB by 6-12 ug/dl, and one by 20 ug/dl. None of the dust-
controlled subjects had any PbB increase, and most showed a decrease of at least 6 ug/dl.
Four experimental subjects had PbB < 30 ug/dl by the end of the experiment.

Oust lead levels in experimentally cleaned homes returned to nearly the previous high
values within two weeks. There was no significant relation between reduction of leaded dust,
initial level of leaded dust, and the reduction in a child's blood lead level. This lack of
apparent correlation may have been due to failure to control or monitor hand washing, finger-
sucking and mouthing behavior, access to "hot spots," and time spent in the home. Further-
more, attempts at dust control may have been more successful in some of the control homes than
in others, resulting in blood lead reduction in at least some individual cases. Since advice
on dust control was offered to caretakers of lead-burdened children visiting the Clinic, it
may be presumed that some measure of dust control would have occurred in any event. Oust lead
values in the experimental homes were high compared to homes in other areas (13/14 had sites
>100 ug/930 cm2). While many potentially important factors were not completely controlled
during the trials, the importance of dust ingestion is evident. This study also points out
the difficulties in quantifying the dust-hand-mouth pathway using familiar measures of house-
hold dust lead and concentration. Since the reduction in blood lead levels cannot be plausi-
bly attributed to factors other than household dust control (e.g., relocation of residence or
change in diet), the experimental evidence for the importance of household dust in elevation
of blood lead levels in U.S. urban children is very strong.
11.4.3.10 Gallacher Study. A report from England (Gallacher etal., 1984) provides addi-
tional informative data on the importance of dust to blood lead levels. They were interested
in the effect of pica on blood lead levels. Mothers and children aged 1-3 years were recruit-
ed from 4 areas of Wales chosen for presumed lead exposure: 1) roadside dwellings; 2) cul
de sac dwellings; 3) an old mining area; and 4) a control area. Comprehensive environmental
sampling accompanied the study of blood lead levels. Indoor air samples, soil from play
areas, pavement dust, house dust, and tap water samples were collected and analyzed for lead
content. Capillary blood samples were collected from the children, while venous samples were
collected from the mothers. Blood samples were analyzed for lead by atomic absorption spec-
trophotometry. The accuracy of the capillary sampling was checked; the authors concluded that
contamination was not a problem but that the values of the capillary samples were 37 percent
higher than venous samples. They attributed the difference as "probably owing to haemoconcen-
tration of capillary blood."

Results from the environmental sampling indicated that for many of the environmental
media, lead exposures were reasonably constant over a several-month period. The authors state
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that, "Coefficient of variation..., based on duplicate pairs and after logarithmic transfor-
mation, was 9 percent for pavement dwellings (22 dwellings) and 10 percent for housedust
(25 dwellings). The coefficient of variation of child hand lead using the 'wet wipe1 tech-
nique was 19 percent (based on 17 children)." The coefficient of variation of the blood lead
sample of venous blood was around 7 percent.

In both children and mothers, the mining area differed the most from the control area.
The excess of lead in the blood of children was 30 percent for the mining area; in mothers the
excess was about 50 percent.

Pica as determined by questionnaire showed no consistent association with any area or all
areas combined. On the other hand, the analysis of the wet wipe study provided interesting
results. Within the roadside dwellings, the cul de sacs, and the control areas, mean lead
levels of wet wipe samples were remarkably similar for mothers' hands, children's hands, and
kitchen surfaces. But the mining area had a 40 percent excess for mothers' hands, 45 percent
for children's hands, and 35 percent for kitchen surfaces, compared to the control area.
However, the only difference which was statistically significant was for the children.

Correlation analysis was performed between blood lead concentrations and hand lead con-
centrations. In the mining area, which was the most contaminated area, the correlation co-
efficient was 0.38, which was statistically significantly different from zero. In the non-
contaminated areas, a statistically significant relationship was found between blood lead and
kitchen surface. No statistically significant relations were seen for the mothers. Thus
these data give additional support to the notion of normal hand-to-mouth activity being a
pathway by which lead in dust can get into the blood of children.
11.4.3.11 Other Studies of Soil and Dusts. Rabinowitz et al. (1985c) report in a study dis-
cussed in Section 11.3.5.4 that lead levels in indoor dust and outdoor soil were strongly pre-
dictive of blood lead levels. Their sample consisted of Boston urban and suburban infants
followed from birth to 2 years of age whose mothers had a mean age of 29 years and 15 years
mean schooling.

Lepow et al. (1975) studied the lead content of air, house dust, and dirt, as well as the
lead content of dirt on hands, food and water, to determine the cause of chronically elevated
blood lead levels in 10 children 2 to 6 years old in Hartford, Connecticut. Lead-based paints
had been eliminated as a significant source of lead for these children. Ambient air lead con-
centrations varied from 1.7 to 7.0 ug/m3. The mean lead concentration in dirt was 1,200 ug/g
and in dust, 11,000 (jg/g. The mean concentration of lead in dirt on children's hands was
2,400 ug/g. The mean weight of samples of dirt from hands was 11 mg, which represented only a
small fraction of the total dirt on hands. Observation of the mouthing behavior in these
young children led to the conclusion that the hands-in-mouth exposure route was the principal
cause of excessive lead accumulation.
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Several studies have investigated the mechanism by which lead from soil and dust gets
into the body (Sayre et al., 1974; Ter Haar and Aronow, 1974). Sayre et al. (1974) in
Rochester, New York, demonstrated the feasibility of house dust as a source of lead for chil-
dren. Two groups of houses, one inner city and the other suburban, were chosen for the study.
Lead-free sanitary paper towels were used to collect dust samples from house surfaces and the
hands of children (Vostal et al. , 1974). The medians for the hand and household samples were
used as the cutpoints in the chi-square contingency analysis. A statistically significant
difference between the urban and suburban homes for dust levels was noted, as was a relation-
ship between household dust levels and hand dust levels (Lepow et al., 1975).

Ter Haar and Aronow (1974) investigated lead absorption in children that can be at-
tributed to ingestion of dust and dirt. They reasoned that because the proportion of the
naturally occurring isotope of 2l°Pb varies for paint chips, airborne particulates, fallout
dust, house dust, yard dirt, and street dirt, it would be possible to identify the sources of
ingested lead. They collected 24-hour excreta from eight hospitalized children on the first
day of hospitalization. These children, 1 to 3 years old, were suspected of having elevated
body burdens of lead, and one criterion for the suspicion was a history of pica. Ten children
of the same age level, who lived in good housing in Detroit and the suburbs, were selected as
controls and 24-hour excreta were collected from them. The excreta were dried and stable lead
as well as 210Pb content determined. For seven hospitalized children, the stable lead mean
value was 22.43 ug/g dry excreta, and the eighth child had a value of 1640 M9/9- The con-
trols' mean for stable lead was 4.1 ug/g dry excreta. However, the respective means for 210Pb
expressed as pCi/g dry matter were 0.044 and 0.040. The authors concluded that because there
is no significant difference between these Mans for 210Pb, the hypothesis that young children
with pica eat dust is not supported. The authors further concluded that children with
evidence of high lead intake did not have dust and air suspended participate as the sources of
their lead. It is clear that air suspended particulate did not account for the lead levels in
the hospitalized children. However, the 210Pb concentrations in dust and feces were similar
for all children, making it difficult to estimate the. dust contribution.

Heyworth et al. (1981) studied a population of children exposed to lead in mine tailings.
These tailings were used in foundations and playgrounds, and had a lead content ranging from
10,000 to 15,000 ug/g. In December, 1979, venous blood samples and hair were collected from
181 of 346 children attending two schools in Western Australia. One of the schools was a pri-
mary school; the other was a combined primary and secondary school. Parents completed ques-
tionnaires covering background information as well as information regarding the children's
exposure to the tailings. Blood lead levels were determined by the AAS method of Farrely and
Pybos. Good quality control measures were undertaken for the study, especially for the blood
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lead levels. Blood lead levels were higher in boys versus girls (mean values were 14.0 and
10.4 (jg/dl, respectively). This difference was statistically significant. Five percent of
the children (n = 9) had blood lead levels greater than 25 ug/dl; five of these children had
blood lead levels greater than 30 ug/dl. Blood lead levels decreased significantly with age
and were slightly lower in children living on properties on which tailings were used. However,
they were higher for children attending the school that used the tailings in the playground.

Landrigan et al. (1982) studied the impact on soil and dust lead levels on removal of
leaded paint from the Mystic River Bridge in Masschusetts. Environmental studies in 1977 in-
dicated that surface soil directly beneath the bridge had a lead content ranging from 1300 to
1800 ug/g. Analysis of concomitant trace elements showed that the lead came from the bridge.
A concurrent survey of children living 1n Chelsea (vicinity of bridge) found that 49 percent
of 109 children had blood lead levels greater than or equal to 30 ug/dl. Of children living
more distant from the bridge, 37 percent had that level of blood lead.

These findings prompted the Massachusetts Port Authority to undertake a program to delead
the bridge. Paint on parts of the bridge that extended over neighborhoods was removed by
abrasive blasting and replaced by zinc primer. Some care was undertaken to minimize both the
occupational as well as environmental exposures to lead as a result of the blasting process.

Concurrently with the actual deleading work, a program of air monitoring was established
to check on the environmental lead exposures being created. In June, 1980, four air samples
taken at a point 27 m from the bridge had a mean lead content of 5.32 ug/m3. As a result of
these findings air pollution controls were tightened; mean air lead concentrations 12 meters
from the bridge in July were 1.43 ug/m3.

Samples of the top 1 cm of soil were obtained in July, 1980 from within 30, 30-80, and
100 m from the bridge. Comparison samples from outside the area were also obtained. Samples
taken directly under the bridge had a mean lead content of 8127 ug/g. Within 30 m of the
bridge, the mean content was 3272 M9/9. dropping to 457 ug/g at 30 to 80 m. At 100 m the soil
lead level dropped to 197 ug/g. Comparison samples ranged from 83 to 165 M9/9 depending on
location.

Fingerstick blood samples were obtained on 123 children 1-5 years of age living within
0.3 km of the bridge in Charlestown. Four children (3.3 percent) had blood lead levels
greater than 30 ug/dl, with a maximum of 35 ug/dl. All four children lived within two blocks
of the bridge. Two of the four had lead paint in their homes but it was intact. None of the
76 children living more than two blocks from the bridge had blood leads greater than or equal
to 30 ug/dl, a statistically significant difference.

Shellshear's (1973) case report from New Zealand ascribes a medically diagnosed case of
lead poisoning to high soil lead content in the child's home environment. Shellshear et al.

11-149



(1975) followed up his case report of increased lead absorption resulting from exposure to
lead contaminated soil with a study carried out in Christchurch, New Zealand. Two related
activities comprised the study. First, from May, 1973 to November, 1973, a random study of
pediatric admissions to a local hospital was made. Blood samples were taken and analyzed for
lead. Homes were visited and soil samples were collected and analyzed for lead. Lead anal-
yses for both soil and blood were conducted by AAS. Second, a soil survey of the area was
undertaken. Whenever a soil lead value greater than 300 ug/g was found and a child aged 1-5
was present, the child was referred for blood testing.

The two methods of subject recruitment yielded a total of 170 subjects. Eight (4.7 per-
cent) of the children had blood lead equal to or greater than 40 ug/dl, and three of them had
a blood lead equal to or greater than 80 ug/dl. No correlation with age was noted. The mean
blood lead of the pediatric admissions was 17.5 ug/dl with an extremely large range (4-170
Mg/dl). The mean blood lead for soil survey children was 19.5 ug/dl.

Christchurch was divided into two sections based on the date of development of the area.
The inner area had developed earlier and a higher level of lead was used there in the house
paints. The frequency distribution of soil lead levels showed that the inner zone samples had
much higher soil lead levels than the outer zone. Furthermore, analysis of the soil lead
levels by type of exterior surface of the residential unit showed that painted exteriors had
higher soil lead values than brick, stone, or concrete block exteriors.

Analysis of the relationship between soil lead and blood lead was restricted to children
from the sampled hospital who had lived at their current address for at least one year. Table
11-62 presents the analysis of these results. Although the results were not statistically
significant, they are suggestive of an association.

TABLE 11-62. ANALYSIS OF RELATIONSHIP BETWEEN SOIL LEAD AND BLOOD LEAD IN CHILDREN

Area of city

Inner zone
Outer zone

son
Mean

1950
150

1 lead (ug/g)
Range

30-11000
30-1100

Blood lead (ua/dl)
n

21
47

Mean

25.4
18.3

Range

4-170
5-84

Source: Shell shear (1973).

Analysis of the possible effect of pica on blood lead levels showed the mean blood lead
for children with pica to be 32 ug/dl while those without pica had a mean of 16.8 ug/dl. The
pica blood lead mean was statistically significantly higher than the non-pica mean.
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Mielke et al. (1984) reports elevated blood lead and FEP levels among Hmong children
living in Minneapolis, Minnesota. The lead sources for these children included soil lead,
house paint, and leaded gasoline from vehicle traffic. Fifty percent of children with lead
poisoning (FEP > 50 ug/dl, blood lead > 30 ug/dl) inhabited homes which had soil lead levels
of 500 to 1000 |jg/g.

Wedeen et al. (1978) reported a case of lead nephropathy in a black female who exhibited
geophagia. The patient, who had undergone chelation therapy, eventually reported that she had
a habit of eating soil from her garden in East Orange, New Jersey. During spring and summer,
she continuously kept soil from her garden in her mouth while gardening. She even put a sup-
ply away for winter. The soil was analyzed for lead and was found to contain almost 700 ug/g.
The authors estimated that the patient consumed 100-500 mg of lead each year. One month after
initial hospitalization her blood lead level was 70 ug/dl.
11.4.3.12 Summary of Soil and Dust Lead . Studies relating soil lead to blood lead levels
are difficult to compare. The relationship obviously depends on depth of soil lead, age of
the children, sampling method, cleanliness of the home, mouthing activities of the children,
and possibly many other factors. Brunekreef et al. (1983) studied a population of urban and
rural children in the Netherlands. The analyses are described in detail in Section 11.4.3.4.
Blood lead levels increased with increasing outside dustfall, with increased lead on chil-
dren's hands, and with pets in the household, and decreased with increasing number of rooms
(due to dilution or confounded SES effects). Oust lead and its related transport factors sub-
stantially increased blood lead. Table 11-63 gives some estimated slopes taken from several
different studies. The range of these values is quite large, ranging from 0.6 to 6.8. This
range is similar to the range of 1.0 to 10.0 reported by Ouggan (1980, 1983). Two studies
providing good data for slope estimates are the Stark et 31. (1982) study and the Angle and
Mclntire (1982) study. These two studies gave slope estimates of 2.2 and 6.8 ug/dl per 1000
|jg/g, respectively.

The relationship of house dust lead to blood lead is even more difficult to obtain.
Table 11-64 contains some values for three studies that give data permitting such caculations.
The median value of 1.8 ug/dl per 1000 ug/g for children 2-3 years old in the Stark study may
also represent a reasonable value for use here.

11.4.4 Paint Lead Exposures
A major source of environmental lead exposure for some in the general population comes

from lead contained in both interior and exterior paint on dwellings. The amount of lead
present, as well as its accessibility, depends upon the age of the residence (because older
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TABLE 11-63. ESTIMATES OF THE CONTRIBUTION OF SOIL LEAD TO BLOOD LEAD

Study

Angle and Mclntire
(1982) study of
children in
Omaha, NE

Stark et al.
(1982) study
of children in
New Haven, CT

Yankel et al.

Range of soil
lead values

(ug/g)
16-4792

30 - 7000
(age 0-1)

30 - 7600
(age 2-3)

50 - 24,600

Depth of
sample

2"

V

3/4"

Estimated
slope (X103)

6.8

2.2

2.0

1.1

Sample
size

1075

153

334

860

R2

0.198

0.289

0.300

0.662
(1977) study
of children
in Kellogg, ID

Galke et al.
(1975)
study of
children in
Charleston, SC

Barltrop et
al. (1975)
study of
children in
England

Neri et al.
(1978) study
of children
in British
Columbia

9 - 7890

420 - 13,969
(group means)

225-1800
(group means,
age 1-3)

225-1800
(group means,
age 2-3)

2"

2"

NA

NA

1.5

0.6

7.6

4.6

194

82

87

103

0.386

NA*

NA

NA

*NA means Not Available.
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TABLE 11-64. ESTIMATES OF THE CONTRIBUTION OF HOUSEDUST TO BLOOD LEAD IN CHILDREN

Range of dust
Study lead values (ug/g)

Angle and Mclntire
(1979) study in
Omaha, NE

Stark et al. (1982)
study in New Haven,
CT

Yankel et al. (1977)
study in Kellogg,
ID

18-5571

70-7600
40-7600
9-4900

50-35,600

Age range
in years

1-18
6-18

0-1
2-3
4-7

0-4
5-9

Estimated Sample
slope (X103) size

7.18
3.36

4.02
1.82
0.02

0.19
0.20

1074
832

153
334
439

185
246

R2

0.198
0.262

0.289
0.300
0.143

0.721
0.623

buildings contain paint manufactured before lead content was regulated) and the physical con-
dition of the paint. It is generally accepted by the public and by health professionals that
lead-based paint is one major source of overtly symptomatic pediatric lead poisoning in the
United States (Lin-Fu, 1973).

The level and distribution of lead paint in a dwelling is a complex function of history,
geography, economics, and the decorating habits of its residents. Lead pigments were the
first pigments produced on a large commercial scale when the paint industry began its growth
in the early 1900's. In the 1930's lead pigments were gradually replaced with zinc and other
opacifiers. By the 1940's, titanium dioxide became available and is now the most commonly
used pigment for residential coatings. There was no regulation of the use of lead in house
paints until 1955, when the paint industry adopted a voluntary standard that limited the lead
content in interior paint to no more than 1 percent by weight of the nonvolatile solids. At
about the same time, local jurisdictions began adopting codes and regulations that prohibited
the sale and use of interior paints containing more than 1 percent lead (Berger, 1973a,b).

In spite of the change in paint technology and local regulations governing its use, in-
terior paint with significant amounts of lead was still available in the 1970's. Studies by
Berger (1973b) and by the U.S. Consumer Product Safety Commission (1974) showed a continuing
decrease in the number of interior paints with lead levels greater than 1 percent. By 1974,
only 2 percent of the interior paints sampled were found to have greater than 1 percent lead
in the dried film (U.S. Consumer Product Safety Commission, 1974).

The level of lead in paint in a residence that should be considered hazardous remains in
question. Not only is the total amount of lead in paint important, but also the accessibility
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of the painted surface to a child, as well as the frequency of ingestion, must be considered.
Attempts to set an acceptable lead level, _HI situ, have been unsuccessful, and preventive con-
trol measures of lead paint hazards have been concerned with lead levels in currently manufac-
tured paint. In one of its reviews, the NAS concluded: "Since control of the lead paint
hazard is difficult to accomplish once multiple layers have been applied in homes over two to
three decades, and since control is more easily regulated at the time of manufacture, we re-
commend that the lead content of paints be set and enforced at time of manufacture" (National
Academy of Sciences, 1976).

Legal control of lead paint hazards is being attempted by local communities through
health or housing codes and regulations. At the Federal level, the Department of Housing and
Urban Development has issued regulations for lead hazard abatement in housing units assisted
or supported by its programs. Generally, the lead level considered hazardous ranges from 0.5
to 2.5 mg/cm2, but the level of lead content selected appears to depend more on the sensiti-
vity of field measurement (using X-ray fluorescent lead detectors) than on direct biological
dose-response relationships. Regulations also require lead hazard abatement when the paint is
loose, flaking, peeling, or broken, or in some cases when it is on surfaces within reach of a
child's mouth.

Some studies have been carried out to determine the distribution of lead levels in paint
in residences. A survey of lead levels in 2370.randomly selected dwellings in Pittsburgh pro-
vides some indication of the lead levels to be found (Shier and Hall, 1977). Figure. 11-29
shows the distribution curves for the highest lead level found in dwellings for three age
groupings. The curves bear out the statement often made that paint with high levels of lead
is most frequently found in pre-1940 residences. One cannot assume, however, that high lead
paint is absent in dwellings built after 1940. In the case of the houses surveyed in
Pittsburgh, about 20 percent of the residences built after 1960 have at least one surface with
more than 1.5 rag/era2.

The distribution of lead within an individual dwelling varies considerably. Lead paint
is most frequently found on doors and windows where* lead levels greater than 1.5 mg/cm2 were
found on 2 percent of the surfaces surveyed, whereas only about 1 percent of the walls had
lead levels greater than 1.5 mg/cm2 (Shier and Hall, 1977).

In a review of the literature, Lin-Fu (1973) found general acceptance that the presence of
lead in paint is necessary but not sufficient evidence of a hazard. Accessibility in terms
of peeling, flaking, or loose paint also provide evidence for the presence of a hazard. Of the
total samples surveyed, about 14 percent of the residences had accessible paint with a lead
content greater than 1.5 mg/cm2. As discussed in Section 7.3.2.1.2, one must note that lead
oxides of painted surfaces contribute to the lead level of house dust.
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It is not possible to extrapolate the results of the Pittsburgh survey nationally.
However, additional data from a pilot study of 115 residences in Washington, DC, showed
similar results (Hall 1974).

An attempt was made in the Pittsburgh study to obtain information about the correlation
between the quantity and condition of lead paint in buildings, and the blood lead of children
who resided there (Urban, 1976). Blood lead analyses and socioeconomic data for 456 children
were obtained, along with the information about lead levels in the dwelling. Figure 11-30 is
a plot of the blood lead levels versus the fraction of surfaces within a dwelling with lead
levels of at least 2 mg/cm2. Analysis of the data shows a low correlation between the blood
lead levels of the children and fraction of surfaces with lead levels above 2 mg/cm2, but
there is a stronger correlation between the blood lead levels and the condition of the painted
surfaces in the dwellings in which children reside. This latter correlation appeared to be
independent of the lead levels in the dwellings.

Yaffe et al. (1983) report data that suggests that soil lead possibly derived fro«
exterior paint was an important source for a selected group of children. They used a stable
lead isotope ratio technique.

Hammond et al. (1981, 1982) conducted a study of Cincinnati children with the dual pur-
pose of determining whether inner city children with elevated blood lead levels have elevated
fecal lead and whether fecal lead correlates with lead-base paint hazard in the home or traf-
fic density as compared with blood lead. Subjects with high blood lead levels were primarily
recruited. Some comparison children with low blood lead levels were also identified. The
three comparison children had to be residentially stable so that their low blood lead levels
were reflective of the lead intake of their current environment. The subjects from the inner
city were usually from families in extremely depressed socio-economic circumstances. Stool
samples were collected on a daily basis for up to 3 weeks, then analyzed for lead. Fecal lead
levels were expressed both as mg/kg-day and as mg/m2-day.

An environmental assessment was made at the home of each child. Paint lead exposure was
rated on a three-point scale (high, medium, and low) based on paint lead level and integrity
of the painted wall. Air lead exposure was assessed by the point scale (high, medium, and
low) based on traffic density, because there are no major point sources of lead in the
Cincinnati area.

Blood samples were collected on an irregular basis but were taken sufficiently often to
have at least one sample from a child from every house studied. The blood samples were
analyzed for lead by two laboratories that had different histories of performance in the CDC
proficiency testing program. All blood lead levels used in the statistical analysis were ad-
justed to a common base. Because of the variable number of fecal and blood lead levels, the
data were analyzed using a nested analysis of variance.
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The homes of the children were found to be distributed across the paint and traffic lead
exposure categories. Both fecal lead levels and blood levels were positively associated with
interior paint lead hazard. A marginal association between fecal lead levels and exterior
paint hazard was also obtained. Neither fecal lead nor blood lead was found to be associated
with traffic density; the definition of the high traffic density category, however, began at a
low level of traffic flow (7500 cars/day).

Examination of fecal and blood lead levels by sex and race showed that black males had
the highest fecal lead excretion rates followed by white males and black females. White
females were only represented by two subjects, both of whom had high fecal lead excretion.
Blood lead levels were more influenced by race than by sex. The results suggested that
children in high and medium paint hazard homes (high = at least 1 surface with >0.5 percent
Pb, peeling or loose) were probably ingesting paint in some form. This could not be con-
firmed, however, by finding physical evidence in the stools.

Long-term stool collection in a subset of 13 children allowed a more detailed examination
of the pattern of fecal lead excretion. Two patterns of elevated fecal lead excretion were
noted. The first was a persistent elevation compared with controls; the second was markedly
elevated occasional spikes against a normal background.

One family moved from a high-hazard home to a low one during the course of the study.
This allowed a detailed examination of the speed, of deleading of fecal and blood lead level.
The fecal levels decreased faster than the blood lead levels. The blood leads were still
elevated at the end of the collection.

Gilbert et al. (1979) studied a population of Hispanic youngsters in Springfield,
Massachusetts, in a case control study designed to compare the presence of sources of lead in
homes of lead-poisoned children and appropriately matched controls. Cases were defined as
children having two consecutive blood lead levels greater than 50 ug/dl. Controls were chil-
dren with blood lead levels less than or equal to 30 ug/dl who had no previous history of lead
intoxication and were not siblings of children with blood lead levels greater than 30 ug/dl.
Study participants had to be residentially stable for at least 9 months and not have moved
into their current home from a lead contaminated one. All blood lead levels were analyzed by
Delves cup method of AAS. Cases and controls were matched by age (±3 months), sex, and neigh-
borhood area. The study population consisted of 30 lead intoxication cases and 30 control
subjects.

Home visits were undertaken to gather interview information and conduct home inspection.
Painted surfaces were assessed for integrity of the surface and lead content. Lead content
was measured by X-ray fluorometry. A surface was scored as positive if the lead content
exceeded 1.2 mg/cm2. Drinking water lead was assessed for each of the cases and was found to
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contain less than 50 ug/1, thought by the authors to be sufficiently low so as not to consti-
tute a hazard. Tap water samples were not collected in the homes of the controls. Soil
samples were collected from three sites in the yard and analyzed for lead by X-ray fluoro-
metry.

Cases and controls were compared on environmental lead exposures and interview data using
McNemar's test for paired samples. The odds ratio was calculated as an estimator of the rela-
tive risk on all comparisons. Statistically significant differences between cases and con-
trols were noted for lead in paint and the presence of loose paint. Large odds ratios (>10)
were obtained, suggesting a very strong association of blood lead level and paint lead expo-
sure. There appeared to be little influence of age or sex on the odds ratios.

Significant differences between cases and controls were obtained for both intact and
loose paint by individual surfaces within specific living areas of the home. Surfaces acces-
sible to children were significantly associated with lead poisoning status while inaccessible
surfaces generally were not. Interestingly, the odds ratios tended to be larger for the in-
tact surface analysis than for the loose paint one.

Median paint lead levels in the homes of cases were substantially higher than those in
the homes of controls. The median paint lead for exterior surfaces in cases was about
16-20 (jg/cm2 and about 10 ug/cm2 for interior surfaces. Control subjects lived in houses in
which the paint lead generally was less than 1.2 pg/cm2 except for some exterior surfaces.
Soil lead was significantly associated with lead poisoning; the median soil lead level for
homes of cases was 1430 ug/g, while the median soil lead level for control homes was 440 ug/g.

Rabinowitz et al. (1985b) report that refinishing activity in homes with high paint lead
was associated with elevations of blood lead averaging 69 percent. Blood lead levels of 249
infants were measured semiannually from birth to two years of age. Also, home paint was
sampled and any recent home refinishing was recorded. Mean blood lead correlated signifi-
cantly with the amount of lead in the indoor paint.

Two other studies have attempted to relate blood lead levels and paint lead as determined
by X-ray fluorescence. Reece et al. (1972) studied 81 children from two lower socioeconomic
communities in Cincinnati. Blood leads were analyzed by the dithizone method. There was con-
siderable lead in the home environment, but it was not reflected in the children's blood lead.
Analytical procedures used to test the hypothesis were not described; neither were the raw
data presented.

Galke et al. (1975), in their study of inner-city black children, measured the paint lead,
both interior and exterior, as well as soil and traffic exposure. In a multiple regression
analysis, exterior siding paint lead was found to be significantly related to blood lead
levels.
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Evidence indicates that a source of exposure in childhood lead poisoning is peeling lead
paint and broken lead-impregnated plaster found in poorly maintained houses. There are also
reports of exposure cases that cannot be equated with the presence of lead paint. Further,
the analysis of paint in homes of children with lead poisoning has not consistently revealed a
hazardous lead content (Lin-Fu, 1973). For example, one paper reported 5466 samples of paint
obtained from the home environment of lead poisoning cases in Philadelphia between 1964 and
1968. Among these samples of paint, 67 percent yielded positive findings, i.e., paint with
more than 1 percent lead (Tyler, 1970).

Data published or made available by the Centers for Disease Control also show that a sig-
nificant number of children with undue lead absorption occupy buildings that were inspected
for lead-based paint hazards, but in which no hazard could be demonstrated (U.S. Centers for
Disease Control, 1977a; Hopkins and Houk, 1976). Table 11-65 summarizes the data obtained
from the HEW-funded lead-based paint poisoning control projects for Fiscal Years 1981, 1979,
1978, 1975, and 1974. These data show that in Fiscal Years 1974, 1975, and 1978, in 40-50
percent of confirmed cases of elevated blood lead levels, a possible source of lead paint
hazard was not located. In fiscal year 1981, the U.S. Centers for Disease Control (1982a,b),
screened 535,730 children and found 21,897 with lead toxi'city. Of these, 15,472 dwellings
were inspected and 10,666 or approximately 67 percent were found to have leaded paint. The
implications of these findings are not clear. The findings are presented in order to place in
proper perspective both the concept of total lead exposure and the concept that lead paint is
one source of lead that contributes to the total body load. The background contribution of
lead from other sources is still not known, even for those children for whom a potential lead
paint hazard has been identified; nor is it known what proportion of lead came from which
source.
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TABLE 11-65. RESULTS OF SCREENING AND HOUSING INSPECTION IN CHILDHOOD LEAD
POISONING CONTROL PROJECT BY FISCAL YEAR

Results

Children screened

Children with elevated
lead exposure

Dwellings inspected

Dwellings with
lead hazard

1981

535,730

21,897

15,472

10,666

1979

464,751

32,537

17,911

12,461

Fiscal year
1978

397,963

25,801

36,138

18,536

1975

440,650

28,597a

30,227

17,609

1974

371,955

16.2283

23,096

13,742

aConfirmed blood lead level >40 ug/dl.

Source: U.S. Centers for Disease Control (1977a, 1979, 1980, 1982a,b);
Hopkins and Houk, 1976.

11.5 SPECIFIC SOURCE STUDIES
The studies reviewed in this section all provide important information regarding specific

environmental sources of airborne lead that play a role in population blood lead levels.
These studies also illustrate several interesting approaches to this subject.

11.5.1 Primary Smelter Populations
Some studies of nonindustry-employed populations living in the vicinity of industrial

sources of lead pollution were triggered because evidence of severe health impairment had been
found. Subsequently, extremely high exposures and high blood lead concentrations were found.
The following studies document the excessive lead exposure that developed, as well as some of
the relationships between environmental exposure and human response.
11.5.1.1 El Paso, Texas. In 1972, the Centers for Disease Control studied the relationships
between blood lead levels and environmental factors in the vicinity of a primary smelter lo-
cated in El Paso, Texas emitting lead, copper, and zinc. The smelter had been in operation
since the late 1800's (Landrigan et al., 1975; U.S. Centers for Disease Control, 1973). Daily
hi-vol samples collected on 86 days between February and June, 1972, averaged 6.6 pg/m3.
These air lead levels fell off rapidly with distance, reaching background values approximately
5 km from the smelter. Levels were higher downwind, however. High concentrations of lead in
soil and house dusts were found, with the highest levels occurring near the smelter. The geo-
metric means of 82 soil and 106 dust samples from the sector closest to the smelter were 1791
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and 4022 ug/g, respectively. Geometric means of both soil and dust lead levels near the
smelter were significantly higher than those in study sectors 2 or 3 Ion farther away.

Sixty-nine percent of children 1 to 4 years old living near the smelter had blood lead
levels greater than 40 ug/dl, and 14 percent had blood lead levels that exceeded 60 ug/dl.
Concentrations in older individuals were lower; nevertheless, 45 percent of the children 5 to
9 years old, 31 percent of the individuals 10 to 19 years old, and 16 percent of the indivi-
duals above 19 had blood lead levels exceeding 40 ug/dl. The data presented preclude calcula-
tions of means and standard deviations.

Data for people aged 1-19 years of age living near the smelter showed a relationship
between blood lead levels and concentrations of lead in soil and dust. For individuals with
blood lead levels greater than 40 ug/dl, the geometric mean concentration of lead in soil at
their homes was 2587 ug/g, whereas for those with a blood lead concentration less than 40
ug/dl, home soils had a geometric mean of 1419 ug/g. For house dust, the respective geometric
means were 6447 and 2067 ug/g. Length of residence was important only in the sector nearest
the smelter.

Additional sources of lead were also investigated. A relationship was found between
blood lead concentrations and lead release from pottery, but the number of individuals exposed
to lead-glazed pottery was very small. No relationships were found between blood lead levels
and hours spent out-of-doors each day, school attendance, or employment of a parent at the
smelter. The reported prevalence of pica also was minimal.

Data on dietary intake of lead were not obtained because there was no food available fro«
sources near the smelter since the climate and proximity to the smelter prevented any farming
in the area. It was unlikely that the dietary lead intakes of the children from near the
smelter or farther away were significantly different. It was concluded that the primary
factor associated with elevated blood lead levels in the children was ingestion or inhalation
of dust containing lead.

Morse et al. (1979) conducted a follow-up investigation of the El Paso smelter to deter-
mine whether the environmental controls instituted following the 1972 study had reduced the
lead problem described. In November, 1977, all children 1 to 18 years old living within
1.6 km of the smelter on the U.S. side of the border were surveyed. Questionnaires were ad-
ministered to the parents of each participant to gather background data.

Venous blood samples were drawn and analyzed for lead by modified Delves cup spectropho-
tometry. House dust and surface soil samples, as well as sample pottery items, were taken
from each participant's residence. Dust and soil samples were analyzed for lead by AAS.
Pottery lead determinations were made by the extraction technique of Klein. Paint, food, and
water specimens were not collected because the earlier investigations of the problem had
demonstrated these media contributed little to the lead problem in El Paso.
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Fifty-five of 67 families with children (82 percent) agreed to participate in the study.
There were 142 children examined in these homes. The homes were then divided into two groups.
Three children lived in homes within 0.8 km of the smelter. Their mean blood lead level in
1977 was 17.7 ug/dl. By contrast, the mean blood lead level of 160 children who lived within
0.8 km of the smelter in 1972 had been 41.4 ug/dl. In 1977, 137 children lived in homes lo-
cated 0.8-1.6 km from the smelter. Their mean blood lead level was 20.2 ug/dl. The mean
blood level of 96 children who lived in that same area in 1972 had been 31.2 ug/dl.

Environmental samples showed a similar improvement. Dust lead fell from 22,191 to 1,479
ug/g while soil lead fell from 1,791 to 427 ug/g closest to the smelter. The mean air lead
concentration at 0.4 km from the smelter decreased from 10.0 to 5.5 ug/m3 and at 4.0 km from
2.1 to 1.7 ug/m3. Pottery was not found to be a problem.
11.5.1.2 CDC-EPA Study. Baker et al. (1977b), in 1975, surveyed 1774 children 1-5 years old,
most of whom lived within 4 miles of lead, copper, or zinc smelters located in various parts
of the United States. Blood lead levels were modestly elevated near 2 of the 11 copper and 2
of the 5 zinc smelters. Although blood lead levels in children were not elevated in the
vicinity of three lead smelters, their FEP levels were somewhat higher than those found in
controls. Increased levels of lead and cadmium in hair samples were found near lead and zinc
smelters; this was considered evidence of external exposure. No environmental determinations
were made for this study.
11.5.1.3 Meza Valley, Yugoslavia. A series of Yugoslavian studies investigated exposures to
lead from a mine and a smelter in the Meza Valley over a period of years (Fugas et al., 1973;
Graovac-Leposavic et al. 1973; Milic et al., 1973; Djuric et al., 1971, 1972). In 1967,
24-hour lead concentrations measured four on different days varied from 13 to 84 ug/m3 in the
village nearest the smelter, and concentrations of up to 60 ug/m3 were found as far as 5 km
from the source. Mean particle size in 1968 was less than 0.8 urn. Analysis of some common
foodstuffs showed concentrations that were 10-100 times higher than corresponding foodstuffs
from the least exposed area (Mezica) (Djuric et al., 1971). After January, 1969, when partial
control of emissions was established at the smelter, weighted average weekly exposure was cal-
culated to be 27 ug/m3 in the village near the smelter. In contrast to this, the city of
Zagreb (Fugas et al., 1973), which has no large stationary source of lead, had an average
weekly air lead level of 1.1 ug/m3.

In 1968, the average concentration of ALA in urine samples from 912 inhabitants of 6 vil-
lages varied by village from 9.8-13 mg/1. A control group had a mean ALA of 5.2 mg/1. Data
on lead in blood and the age and sex distribution of the villagers were not given (Djuric et
al., 1971).
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Of the 912 examined, 559 had an ALA level greater than 10 mg/1 of urine. In 1969, a more
extensive study of 286 individuals with ALA greater than 10 mg/1 was undertaken (Graovac-
Leposavic et al. 1973). ALA-U increased significantly from the previous year. When the pub-
lished data were examined closely, there appeared to be some discrepancies in interpretation.
The exposure from dust and from food might have been affected by the control devices, but no
data were collected to establish this. In one village, Zerjua, ALA-U dropped from 21.7 to 9.4
mg/1 in children 2-7 years of age. Corresponding ALA-U values for 8- to 15-year-olds and for
adult men and women were reduced from 18.7 to 12.1, from 23.9 to 9.9, and from 18.5 to 9.0
mg/1, respectively. Because lead concentrations in air (Fugas et al., 1973), even after 1969,
indicated an average exposure of 25 ug/m3, it is possible that some other explanation should
be sought. The author indicated in the report that the decrease in ALA-U showed "the depen-
dence on meteorologic, topographic, and technological factors" (Graovac-Leposavic et al.,
1973).

Fugas (1977) in a later report estimated the time-weighted average exposure of several
populations studied during the course of this project. Stationary samplers as well as per-
sonal monitors were used to estimate the exposure to airborne lead for various parts of the
day. These values were then coupled with estimated proportions of time at which these expo-
sures held. In Table 11-66, the estimated time-weighted air lead values as well as the
observed mean blood lead levels for these studied populations are presented. An increase in
blood lead values occurs with increasing air lead exposure.

TABLE 11-66. MEAN BLOOD LEAD LEVELS IN SELECTED YUGOSLAVIAN
POPULATIONS, BY ESTIMATED WEEKLY TIME-WEIGHTED AIR LEAD EXPOSURE

Population

Rural I

Rural II

Rural III

Postmen

Customs officers

Street car drivers

Traffic policemen

N

49

47

45

44

75

43

24

Time-weighted
air lead, (ug/m3)

0.079

0.094

0.146

1.6

1.8

2.1

3.0

Blood lead level ,
Mean

7.9

11.4

10.5

18.3

10.4

24.3

12.2

(ug/dl )
SO

4.4

4.8

4.0

9.3

3.3

10.5

5.1

Source: Fugas, 1977.
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11.5.1.4 Kosovo Province, Yugoslavia. Residents living in the vicinity of the Kosovo smelter
were found to have elevated blood lead levels (Popovac et al. , 1982). In this area of
Yugoslavia, five air monitoring stations had been measuring air lead levels since 1973. Mean
air lead varied from 7.8 to 21.7 ug/m3 in 1973; by 1980 the air lead averages ranged from 21.3
to 29.2 MQ/m3- In 1978 a pilot study suggested that there was a significant incidence of ele-
vated blood lead levels in children of the area. Two major surveys were then undertaken.

In August, 1978, letters were sent to randomly selected families from the business commu-
nity, hospitals or lead-related industries in the area. All family members were asked to come
to a hospital for primary screening by erythrocyte protoporphyrin. A central population of
comparable socioeconomic and dietary background was collected from a town without lead emis-
sions. Blood levels were determined primarily for persons with EP greater than 8 ug/g Hgb.
EP was measured by a hematofluorimeter, while blood ]ead was determined by the method of
Fernandez using atomic absorption with graphite furnace and background correction.

Mean EP values were higher in the 1978 survey for exposed residents compared to controls
in the average age group. EP values seemed to decline with age. Similar differences were
noted for blood lead levels. The observed mean blood leads, ranging from 27.6 in the greater
than 15 year age group to 50.9 ug/dl in the 5 to 10 year group, suggest substantial lead ex-
posure of these residents. In the control group the highest blood lead level was 19 ug/dl.
In December, 1980, a second survey was conducted to obtain a more representative sample of
persons residing in the area. Letters were sent again, and 379 persons responded. EP levels
were higher in all ages in 1980 versus 1978, although the differences were not statistically
significant. The air lead levels increased from 14.3 ug/m3 in 1978 to 23.8 ug/m3 in 1980.

Comparing the 1980 blood lead results with the 1978 control group shows that the 1980
levels were higher in each age group. Males older than 15 years had higher mean blood lead
levels than the females (39.3 versus 32.4 ug/dl).
11.5.1.5 The Cavalleri Study. Cavalleri et al. (1981) studied children in the vicinity of a
lead smelter and children from a control area (4 km from the smelter). The exposed population
consisted of 85 children aged 3-6 attending a nursery school and 80 primary school children
aged 8 to 11. The control population was 25 nursery school children aged 3-6 and 64 primary
school children aged 8-11. Since the smelter had installed filters 8 years before the study,
the older children living in the smelter area had a much higher lifetime exposure.

Blood lead analysis was performed on venous samples using anodic stripping voltammetry by
Morrell's method. Precision was checked over the range of 10-100 ug/dl. Reported reproduci-
bility was also good. All samples were subsequently reanalyzed by AAS using graphite furnace
and background correction by the method of Volosen. The average values obtained by the
second method were quite similar to those of the first (average difference 1.4 ug/dl; correla-
tion coefficient, 0.962).
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Air was sampled for lead for 1 month at three sampling sites. The sites were located at
150 m, 300 m, and 4 km from the wall of the lead smelter. The average air lead levels were
2.32, 3.43, and 0.56 ug/m3, respectively.

A striking difference in blood lead levels of the exposed and control populations was ob-
served; levels in the exposed population were almost twice that in the control population.
There was no significant difference between nursery school and primary school children. The
geometric mean for nursery school children was 15.9 and 8.2 for exposed and control, respecti-
vely. For primary school it was 16.1 and 7.0 ug/dl. In the exposed area, 23 percent of the
subjects had blood lead levels between 21 and 30 ug/dl and 3 percent greater than 31 ug/dl.
No control children had blood lead levels greater than 20 ug/dl. The air leads were between
2-3 ug/m3 in the exposed and 0.56 ug/m3 in the control cases.
11.5.1.6 Hartwell Study. Hartwell et al. (1983) report a study of 4 primary smelters: two
lead and two zinc. Study subjects were recruited in accordance with a statistical sampling
plan based on diffusion modeling. Subjects were recruited to represent a variety of ages:
1-5 years, 6-18 years, 20-40 years, and, in two sites, >60 years. Environmental samples
covering the important environmental sources of lead were obtained, as were blood samples.
Unfortunately, air sampling was only conducted for about 1 month in each of the study areas.
Oust, water, and soil samples were also collected and analyzed for lead. Table 11-67 sum-
marizes the descriptive results of this study in terms of blood lead levels. Table 11-68
presents the Spearman correlation coefficient obtained'.

11.5.2 Battery Plants
Studies of the effects of storage battery plants have been reported from France and Italy

(Dequidt et al., 1971; De Rosa and Gobbato, 1970). The French study found that children from
an industrialized area containing such a plant excreted more ALA than those living in a diffe-
rent area (Dequidt et al., 1971). Increased urinary excretion of lead and coproporphyrins was
found in children living up to 100 m from a battery plant in Italy (De Rosa and Gobbato,
1970). Neither study gave data on plant emissions or lead in air.

11.5.3 Secondary Smelters
Zielhuis et al. (1979) studied children living in the vicinity of the Arnhem secondary

lead smelter. In 1976 they recruited children to serve as subjects and controls. The chil-
dren chosen were 2 and 3 years old. Parents were asked to complete a questionnaire for back-
ground information. Two-mi venous samples were collected from 17 children living less than 1
km, from 54 children living 1-2 km, and from 37 children living greater than 2 km from the
smelter (control group). Blood samples were analyzed for lead by graphite furnace AAS and for
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TABLE 11-67. LEVELS OF LEAD RECORDED IN HARTWELL ET AL. (1983) STUDY

Smelter

Bartlesvil le

Palmerton

Ajo

Anaconda

Distance from
smelter

3.5-24.0
1.3-3.7
0.8-4.3
0.8-1.5

11.0-26.0
5.4-14.5
3.3-9.9
0.3-2.8

3.4-68.0
1.0-6.4
0.5-2.3
0.5-1.3

10.0-26.0
3.5-21.0
2.0-11.0
2.0-3.5

Air

131
203
299
309

361
563
128
278

94
108
191
256

141
176
91
255

Dust

241
409
386
441

263
201
198
438

74.2
60.0
64.7
116

235
164
210
398

PbB
Water

6.04
4.56
6.81
7.63

8.7
6.0
2.8
1.8

6.9
11.5
13.3
3.1

3.10
3.52
3.02
3.83

Soil

34.8
243
829
821

532
117
326
331

57.8
64.5
76.5
94.8

75
115
294
424

Ages 1-5

10.5
24.7
39.6
18.8

10.3
11.3
12.6
15.9

9.9
10.6
10.5
9.2

21.0
17.3
18.9
21.5

Ages 6-10

12.4
12.9
21.8
20.3

12.4
10.2
11.2
10.3

7.8
7.7
6.9
6.9

19.0
11.9
14.3
17.9

TABLE 11-68. SPEARMAN CORRELATIONS OF LEAD IN AIR, WATER, DUST, SOIL, AND PAINT
WITH LEAD LEVELS IN BLOOD: BY SITE AND AGE GROUPS, 1978-1979

Bartlesville

Palmerton

Air
Water
Dust
Soil
Paint

Air
Water
Dust
Soil
Paint

1-5
Blood
0.40"
0.05
0.20
0.33*

-0.06

-0.12
-0.06
0.06
0.16

-0.02

Age
6-18

Blood
0.22"
0.14
0.10
0.13
0.06

0.02
0.11

-0.07
0.20
0.06

(yr)
20-40
Blood
0.27*
0.07
0.21

0.07

-0.12
-0.01
-0.05

0.23*

Over 60
Blood
0.19
0.23
0.00

-0.06

'Significantly different from zero at 0.05 level.
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PEP by the method of Piomelli. Air measurements for lead were made in autumn, 1976. Samples
were established about 2 km northeast and about 0.4 km north of the plant. Air lead levels
ranged from 0.8 to 21.6 ug/m3 northeast and from 0.5 to 2.5 ug/m3 north of the plant.

Blood leads were statistically significantly higher closer to the smelter. For all chil-
dren the mean blood lead level was 19.7 ug/dl for the less than 1 km and 11.8 pg/dl for the
controls (>2 km). Similarly, FEP levels were higher for the closer (41.9 ug/100 ml erythro-
cytes) children as opposed to the control (32.5 ug/100 ml RBC). Higher blood levels were
associated with lower socioeconomic status.

Further investigation of this smelter was undertaken by Brunekreef et al. (1981) and
Diemel et al. (1981). In May, 1978, venipuncture blood samples were collected from 95 one- to
three-year-old children living within 1 km of the smelter. Blood leads were determined by
graphite AAS.

Before the blood sampling, an environmental sampling program was conducted. The samples
collected are listed in Table 11-69. Questionnaires were administered to collect background
and further exposure information. A subset of 39 children was closely observed for 1 or 2
days for mouthing behavior. Table 11-69 also presents the overall results of the environmen-
tal sampling. As can be readily seen, there is a low exposure to airborne lead (geometric
mean) 0.41 ug/m3 with a range of 0.28-0.52 ug/m3). Soil exposure was moderate, although high.
Interior dust was high in lead (geometrtc mean of 967 M9/9 with a maximum of 4741 M9/9)- ^n a

few homes, high paint lead levels were found. Diemel et al. (1981) extended the analysis of
the environmental samples. They found that indoor pollution was lower than outside. In
Arnhem, it was found that lead is carried into the homes in particulate form by sticking to
shoes. Most of the lead originated from soil from gardens and street dust.

Simple correlation coefficients were calculated to investigate the relationship between
log blood lead and the independent variables. Significantly, correlations were found with
quantity of house dust, quantity of deposited lead indoors, observational score of dustiness,
age of child, and the average number of times an object is put in the mouth. Multiple regre-
ssion analyses were calculated on four separate subpopulations. Among children living in
houses with gardens, the combination of soil lead level and educational level of the parents
explained 23 percent of the variations of blood lead. In children without gardens, the amount
of deposited lead indoors explained 26 percent of the variance. The authors found that an in-
crease in soil lead level from 100-600 ug/g resulted in an increase in blood lead of 6.3
M9/dl.

In a Dallas, Texas, study of two secondary lead smelters, the average blood lead level of
exposed children was found to be 30 ug/dl versus an average of 22 ug/dl in control children
(Johanson and Luby, 1972). For the two study populations, the air and soil lead levels were
3.5 and 1.5 ug/m3 and 727 and 255 ug/g, respectively.
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In Toronto, Canada, the effects of two secondary lead smelters on the blood and hair lead
levels of nearby residents have been extensively studied (Ontario Ministry of the Environment,
1975; Roberts et al., 1974). In a preliminary report, Roberts et al. (1974) stated that blood
and hair lead levels were higher in children living near the two smelters than in children
living in an urban control area. Biologic and environmental lead levels were reported to de-
crease with increasing distance from the base of the smelter stacks.

A later and more detailed report identified a high rate of lead fallout around the two
secondary smelters (Ontario Ministry of the Environment, 1975). Two groups of children living
within 300 m of each of the smelters had geometric mean blood lead levels of 27 and 28 ug/dl,
respectively; the geometric mean for 1231 controls was 17 ug/dl. Twenty-eight percent of the
sample children tested near one smelter during the summer and 13 percent of the sample chil-
dren tested near the second smelter during the winter had blood lead levels greater than 40
ug/dl. Only 1 percent of the controls had blood lead levels greater than 40 ug/dl. For chil-
dren, blood lead concentrations increased with proximity to both smelters, but this trend did
not hold for adults, generally. The report concluded that soil lead levels were the main de-
terminant of blood lead levels; this conclusion was disputed by Horn (1976).

Blood lead levels in 293 Finnish individuals, aged 15-80, were significantly correlated
with proximity to a secondary lead smelter (Nordman et al., 1973). The geometric mean blood
lead concentration for 121 males was 18.1 M9/dl; for 172 females, it was 14.3 ug/dl. In 59
subjects who spent their entire day at home, a positive correlation was found between blood
lead and distance from the smelter up to 5 km. Only one of these 59 individuals had a blood
lead greater than 40 ug/dl, and none exceeded 50 ug/dl.

11.5.4 Secondary Exposure of Children "*
Excessive intake and absorption of lead on the part of children can result when parents

who work in a dusty environment with a high lead content bring dust home on their clothes,
shoes, or even their automobiles. Once they are home, their children are exposed to the dust.

Landrigan et al. (1976) reported that the 174 children of smelter workers who lived with-
in 24 km of the smelter had significantly higher blood lead levels, a mean of 55.1 ug/dl, than
the 511 children of persons in other occupations living in the same areas whose mean
blood lead levels were 43.7 ug/dl. Analyses by ERA of the data collected in Idaho showed that
employment of the father at a lead smelter, at a zinc smelter, or in a lead mine resulted in
higher blood lead levels in the children living in the same house as opposed to those children
whose fathers were employed in different locations (Table 11-70). The effect associated with
parental employment appears to be much more prominent in the most contaminated study areas
nearest to the smelter. This may be the effect of an intervening socioeconomic variable: the
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TABLE 11-69. ENVIRONMENTAL PARAMETERS AND METHODS: ARNHEM LEAD STUDY, 1978a

Parameter Method Geometric Mean Range

01
VO

1. Lead in ambient air
(ug/m3)

2. Lead in dustfall
(ug/m3*day)

3. Lead in soil
(M9/g)

4. Lead in street dust
(ug/g)

5. Lead in indoor air
(ug/m3)

6. Lead In dustfall
indoors (ug/m3•day)

7. Lead in floor dust
(ug/g)

8. Easily available
lead indoors

9. Lead in tapwater

10. Oustiness of hones

High-volume samples; 24-hr measureitents
at 6 sites, continuously for 2 Months

Standard deposit gauges; 7-day Measurements
at 22 sites, semicontinuously for 3 Months

Sampling in gardens of study populations;
analysis of layers from 0 to 5 cm and
5 to 20 cm

Samples at 31 sites, analysis of fraction
<0.3mm

Low-volume samples; 1-month measurements
in homes of study population, continuously
for 2 months

Greased glass plates of 30 x 40 cm; 1-month
measurements in homes of study population,
continuously for 3 months

Vacuum cleaner with special filter
holder; 5 samples, collected on 3 different
occasions; with Intervals of approximately
1 Month, in hoMes of study populations

Wet tissues, 1 sample in homes of study
population

Proportional samples, during 1 week In
homes of study population

Visual estiMation, on a simple scale ranging
froM 1 (clean) to 3 (dusty); 6 observations
in homes of study population

0.41

467

240

690

0.26

7.34

fine 957
course 282

0.28-0.52

108-2210

21-1126

77-2667

0.13-0.74

1.36-42.35

463-4741
117-5250

85% of saMples <20 ug Pb/tissue

5.0 <0.5-90.0
(arithmetic) Mean

aA11 lead analyses were performed by atomic absorption spectrophotometry, except part of the tapwater analysis,
which was performed by anodic stripping voltametry. Lead in tapwater analyzed by the National Institute of
Drinking Water Supply in Leidscherdam. Soil and street dust analyzed by the Laboratory of Soil and Plant
Research in Oosterbeek. (Zielhuis, et. al., 1979; Diemel, et. al., 1981)



TABLE 11-70. GEOMETRIC MEAN BLOOD LEAD LEVELS FOR CHILDREN BASED ON REPORTED OCCUPATION
OF FATHER, HISTORY OF PICA, AND DISTANCE OF RESIDENCE FROM SMELTER

(micrograms per deciliter)

Distance
from

Area smelter, km

1

2

3

4

5

6

1.6

1.6 to 4.0

4.0 to 10.0

10.0 to 24.0

24.0 to 32.0

75

Lead
smelter Lead/zinc mine Zinc smelter
worker worker worker

No No No
Pica Pica Pica Pica Pica Pica

78.7 74.2 75.3 63.9 69.7 59.1

50.2 52.2 46.9 46.9 62.7 50.3

33.5 33.3 36.7 33.5 36.0 29.6

30.3 38.0 32.5 40.9 36.9

24.5 31.8 27.4
. . .

Other
occupations

No
Pica Pica

70.8 59.9

37.2 46.3

33.3 32.6

39.4

28.0 26.4

17.3 21.4

Source: Landrigan et al. 1976.

lowest paid workers, employed in the highest exposure areas within the industry, might be ex-
pected to live in the most undesirable locations, closest to the smelter.

Landrigan et al. (1976) also reported a positive history of pica for 192 of the 919 chil-
dren studied in Idaho. This history was obtained by physician and nurse interviews of
parents. Pica was most common among 2-year-old children and only 13 percent of those with
pica were above age 6. Higher blood lead levels were observed in children with pica than in
those without pica. Table 11-70 shows the mean blood lead levels in children as they were af-
fected by pica, occupation of the father, and distance of residence from the smelter. Among
the populations living nearest to the smelter, environmental exposure appears to be sufficient
at times to more than overshadow the effects of pica, but this finding may also be caused by
inadequacies inherent in collecting data on pica. These data indicate that in a heavily con-
taminated area, blood lead levels in children may be significantly increased by the inten-
tional ingestion of nonfood materials having a high lead content.

Data on the parents' occupation are, however, more reliable. It must be remembered also
that the study areas were not homogeneous socioeconomically. In addition, the specific type
of work an individual does in an industry is probably much more important than simply being
employed in a particular industry. The presence in the home of an industrial employee exposed
occupational ly to lead may produce increases in the blood lead levels ranging from 10 to 30
percent.
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The importance of the infiltration of lead dusts onto clothing, particularly the under-
garments, of lead workers and their subsequent transportation has been demonstrated in a num-
ber of studies on the effects of smelters (Martin et al., 1975). It was noted in the United
Kingdom that elevated blood lead levels were found in the wives and children of workers, even
though they resided some considerable distance from the facility. It was most prominent in
the workers themselves, who had elevated blood lead levels. Quantities of lead dust were
found in workers' cars and homes. It apparently is not sufficient for a factory merely to
provide outer protective clothing and shower facilities for lead workers. In another study in
Bristol, 650-1400 ug/g of lead was found in the undergarments of workers as compared with 3-13
ug/g in undergarments of control subjects. Lead dust will remain on the clothing even after
laundering: up to 500 mg of lead has been found to remain on an overall garment after washing
(Lead Development Association, 1973).

Baker et al. (1977a) found blood lead levels greater than 30 ug/dl in 38 of 91 children
whose fathers were employed at a secondary lead smelter in Memphis, TN. House dust, the only
source of lead in the homes of these children, contained a mean of 2687 ug/g compared with 404
ug/g in the homes of a group of matched controls. Mean blood lead levels in the workers'
children were significantly higher than those for controls and were closely correlated with
the lead content of household dust. In homes with lead in dust less than 1000 pg/Qt 18 chil-
dren had a mean blood lead level of 21.8 ± 7.3 ug/dl, whereas in homes where lead in dust was
greater than 7000 ug/g, 6 children had mean blood lead levels of 78.3 ± 34.0 ug/dl. See Sec-
tion 7.3.2.1.6 for a further discussion of household dust.

Other studies have documented increased lead absorption in children of families where at
least one member was occupationally exposed to lead (Fischbein et al., 1980a). The occupa-
tional exposures involved battery operations (Morton et al., 1982; U.S. Centers for Disease
Control, 1977b; Dolcourt et al., 1978, 1981; Watson et al., 1978; Fergusson et al., 1981) as
well as other occupations (Snee, 1982b; Rice et al., 1978).

In late summer of 1976, a battery plant in southern Vermont provided the setting for the
first documented instance of increased lead absorptio/i in children of employees in the battery
industry. The data were first reported by the U.S. Centers for Disease Control (1977b) and
more completely by Watson et al. (1978). Reports of plant workers exposed to high levels of
'ead stimulated a study of plant employees and their children in August and September, 1975.
In the plant, lead oxide powder is used to coat plates in the construction of batteries.
Before the study, the work setting of all 230 employees of the plant had been examined and 62
workers (22 percent) were identified as being at risk for high lead exposure. All of the
high-risk workers interviewed reported changing clothes before leaving work and 90 percent of
them reported showering. However, 87 percent of them stated that their work clothes were
washed at home.
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Of the high-risk employees, 24 had children between the ages of 1 and 6 years. A case-
control study was conducted in the households of 22 of these employees. Twenty-seven children
were identified. The households were matched with neighborhood controls, including 32 control
children. None of the control family members worked in a lead industry. Capillary blood
specimens were collected from all children and the 22 battery plant employees had venous spec-
imens taken. All blood samples were analyzed for lead by AAS. Interviewers obtained back-
ground data, including an assessment of potential lead exposures.

About 56 percent of the employees' children had blood leads greater than 30 ug/dl com-
pared with about 13 percent of the control children. Mean blood lead levels were signifi-
cantly different, 31.8 ug/dl and 21.4 ug/dl, respectively. Blood lead levels in children were
significantly correlated with employee blood lead levels.

House dust lead levels were measured in all children's homes. Mean values were 2239.1
ug/g and 718.2 ug/g for employee and control homes, respectively; this was a statistically
significant difference. Examination of the correlation coefficient between soil lead and
blood lead levels in the two sets of homes showed a marginally significant coefficient in the
employee households but no correlation in the control homes. Tap water and paint lead levels
did not account for the observed difference in blood leads between children of workers and
neighborhood controls. It is significant that these findings were obtained despite the chang-
ing of clothes at the plant.

Morton et al. (1982) conducted their study of children of battery plant workers and con-
trols during February-March, 1978. Children were included in the study if one parent had at
least 1 year of occupational exposure, if they had lived at the same residence for at least 6
months, and if they were from 12-83 months of age. Children for the control group had to have
no parental occupational exposure to lead for 5 years, and had to have lived at the same ad-
dress at least 6 months.

Thirty-four children were control-matched to the exposed group by neighborhoods and age
(±1 year). No matching was thought necessary for sex because in this age group blood lead
levels are unaffected by sex. The selection of the control population attempted to adjust for
both socioeconomic status as well as exposure to automotive lead.

Capillary blood specimens were collected concurrently for each matched pair. Blood lead
levels were measured by the CDC lab using a modified Delves cup AAS procedure. Blood lead
levels for the employees for the previous year were obtained from company records. Question-
naires were administered at the same time as the blood sampling to obtain background informa-
tion. The homemaker was asked to complete the interview to try to get a more accurate picture
of the hygiene practices followed by the employees.
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Children's blood lead levels differed significantly between the exposed and control
groups. Fifty-three percent of the employees' children had blood lead levels greater than 30
ug/dl, while no child in the control population had a value greater than 30 ug/dl. The mean
blood lead for the children of the employees was 49.2 ug/dl with a standard deviation of 8.3
pg/dl. These data represent the population average for yearly individual average levels. The
employees had an average greater than 60 ug/dl- Still, this is lower than the industry
average. Of the eight children with blood levels greater than 40 ug/dl, seven had fathers
with blood lead greater than 50 ug/dl. Yet there was not a significant correlation between
children's blood lead level and father's blood lead level.

Investigations were made into the possibility that other lead exposures could account for
the observed difference in blood lead levels between children of employees and control chil-
dren. In 11 of the 33 pairs finally included in the study, potential lead exposures other
than fathers' occupations were found in the employee child of the matched pair. These in-
cluded a variety of lead sources such as automobile body painting, casting of lead, and
playing with spent shell casings. The control and exposed populations were again compared
after removing these 11 pairs from consideration. There was still a statistically significant
difference in blood lead level between the two groups of children.

An examination of personal hygiene practices of the workers showed that within high-ex-
posure category jobs, greater compliance with recommended.lead containment practices resulted
in lower mean blood lead levels in children. Mean blood leads were 17.3, 36.0, and 41.9 ug/dl
for good, moderately good, and poor compliance groups, respectively. In fact, there was only
a small difference between the good hygiene group within the high-exposure category and the
mean of the control group (17.3 ug/dl versus 15.9 ug/dl)- Insufficient sample sizes were
available to evaluate the effect of compliance on medium and low lead exposures for fathers.

Dolcourt et al. (1978) investigated lead absorption in children of workers in a plant
that manufactures lead-acid storage batteries. The plant became known to these researchers as
a result of finding an elevated blood lead level in a 20-month-old child during routine
screening. Although the child was asymptomatic, his mother proved not to be. Two siblings
were also found to have elevated blood lead levels. The mother was employed by the plant; her
work involved much hard labor and brought her into continual contact with powdery lead oxide.
No uniforms or garment covers were provided by the company. As a result of these findings,
screening was offered to all children of plant employees.

During February to May, 1977, 92 percent of 63 eligible children appeared for screening.
Age ranged from 10 months to 15 years. About equal numbers of girls and boys underwent
screening. Fingerstick blood samples were collected on filter paper and were analyzed for
lead by AAS. Children with blood lead levels equal to or greater than 40 ug/dl were referred
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for more detailed medical evaluation including an analysis of a venous blood specimen for
lead. Dust samples were collected from carpeting in each home and analyzed for lead by gra-
phite furnace AAS. Home tap water was analyzed for lead by AAS, and house paint was analyzed
for lead by XRF.

Of the 58 children who had the initial fingerstick blood lead elevation, 69 percent had
blood lead levels equal to or greater than 30 ug/dl. Ten children from six families had blood
lead levels equal to or greater than 40 ug/dl, and blood lead levels were found to vary
markedly with age. The 0- to 3-year-old category exhibited the highest mean (48.6 |jg/dl) with
the 3- to 6-year-olds the next highest (38.2 ug/dl). Lowest mean values were found in the
equal to or greater than 10-year-old group (26.7 ug/dl).

More detailed investigation of the six families with the highest blood lead levels in
their children revealed the following: five of the six lived in rural communities, with no
pre-existing source of lead from water supply, house paint, industrial emissions, or heavy
automobile traffic. However, dust samples from the carpets exhibited excessively high lead
concentrations. These ranged from 1700 to 84,050 ug/g.

Fergusson et al. (1981) sampled three population groups: general population, employees
of a battery plant, and children of battery plant employees, using hair lead levels as indices
of lead. Hair lead levels ranged from 1.2 to 110.9 ug/g in the 203 samples from the general
-population. The distribution of hair lead levels was nearly lognormal. Employees of the bat-
tery factory had the highest hair lead levels (median ~250 ug/g), while family members (median
-40 ug/g) had a lesser degree of contamination and the general population (median ~5 ug/g)
still less.

Analysis of variance results indicated a highly significant difference between mean lead
levels of the general survey and family members of the employees, and a significant difference
between the mean lead levels in the hair of the employees and their families. No significant
differences were found comparing mean hair lead levels among family members in terms of age
and sex. The analyses of the house dust suggested that the mechanism of exposure of family
members is via the lead in dust that is carried home. Mean dust lead level among the homes of
factory employees was 5580 ug/g while the dust inside of houses along a busy road was only
1620 M9/9- Both of these concentrations are for particles less than 0.1 mm.

Dolcourt et al. (1981) reported two interesting cases of familial exposure to lead caused
by recycling of automobile storage batteries. The first case was of a 22-member, four-
generation family living in a three-bedroom house in rural eastern North Carolina. The great-
grandfather of the index case worked at a battery recycling plant. He had two truckloads of
spent casings delivered to the home to serve as fuel for the wood stove; the casings were
burned over a 3-month period.
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The index case presented with classic signs of acute lead encephalopathy, the most severe
and potentially fatal form of acute lead poisoning. The blood lead level was found to be 220
|jg/dl. Three months after initial diagnosis and after chelation therapy, she continued to
have seizures and was profoundly mentally retarded. Oust samples were obtained by vacuum
cleaner and analyzed for lead by flame!ess AAS. Dust from a sofa near the wood stove con-
tained 13,283 ug/g lead, while the kitchen floor dust had 41,283 ug/g. There was no paint
lead. All other members of the family had elevated blood lead levels ranging from 27-256
ug/dl.

The other case involved a truck driver working in a low-exposure area of a battery
recycling operation in rural western North Carolina. He was operating an illegal battery re-
cycling operation in his home by melting down reclaimed lead on the kitchen stove. No family
member was symptomatic for lead symptoms but blood lead levels ranged from 24 to 72 ug/dl.
Soil samples taken from the driveway, which was paved with fragments of the discarded battery
casings, contained 12-13 percent lead by weight.

In addition to families being exposed as a result of employment at battery plants, stu-
dies have been reported recently for smelter worker families (Rice et al., 1978; Snee, 1982c).
Rice et al. studied lead contamination in the homes of secondary lead smelters. Homes of em-
ployees of secondary smelters in two separate geographic areas of the country were examined to
determine whether those homes had a greater degree of lead contamination than homes of workers
in the same area not exposed to lead. Both sets of homes (area I and II) were examined at the
same time of the year.

Thirty-three homes of secondary smelter employees were studied; 19 homes in the same or
similar neighborhoods were studied as controls. Homes studied were in good condition and were
one- or two-family dwellings. Blood lead levels were not obtained for children ir. these
homes. In the homes of controls, a detailed occupational history was obtained for each
employed person. Homes where one or more residents were employed in a lead-contaminated
environment were excluded from the analysis.

House dust samples were collected by Vostal's method and were analyzed for lead by AAS.
In one of the areas, samples of settled dust were collected from the homes of employees and
controls. Oust was collected over the doorways. In homes where the settled dust was collec-
ted, zinc protoporphyrin (ZPP) determinations were made in family members of the lead workers
and in the controls.

In both areas, the wipe samples were statistically significantly higher in the homes of
employees compared to controls (geometric mean 79.3 ± 61.8 ug/g versus 28.8 ± 7.4 ug/g Area I;
112.0 ± 2.8 ug/g versus 9.7 ± 3.9 ug Area II). No significant differences were found between
workers' homes or controls between Area I and Area II. Settled dust lead was significantly
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higher in the homes of employees compared to controls (3300 versus 1200 ug/g)- Lead contents
of participate matter collected at the curb and of paint chips collected in the home were not
significantly different between employee homes and controls. Zinc protoporphyrin determina-
tions were done on 15 children, 6 years or younger. ZPP levels were higher in employee chil-
dren than in control children. Mean levels were 61.4 ug/ml and 37.6 ug/ml, respectively.

It should be noted again that the wipe samples were not different between employee homes
in the two areas. Interviews with employees indicated that work practices were quite similar
in the two areas. Most workers showered and changed before going home. Work clothes were
washed by the company. Obviously, much closer attention needs to be paid to other potential
sources of lead introduction into the home (e.g., automobile surfaces).

From Mexico (Molina-Ballesteros et al., 1983) comes a report of yet another occupation
which can contribute to the lead burden of children whose parents work in settings contami-
nated by lead. One hundred and fifty-three children belonging to pottery-making families with
home workshops were studied, as well as 80 randomly selected children serving as controls.
Venipuncture blood samples were collected and analyzed by atomic absorption spectrophotometry.
Mean blood lead levels were 15 ug/dl higher for children whose parents had the home pottery
workshops than for control children. The mean blood lead level in the exposed children was
39.5 M9/dl• which indicates a high degree of lead absorption in these children.

11.5.5 Miscellaneous Studies
11.5.5.1 Studies Using Indirect Measures of Air Exposure.
11.5.5.1.1 Studies in the United States. A 1973 Houston study examined the blood lead levels
of parking garage attendants, traffic policemen, and adult females living near freeways
(Johnson et al., 1974). A control group for each of the three exposed populations was selec-
ted by matching for age, education, and race. Unfortunately, the matching was not altogether
successful; traffic policemen had less education than their controls, and the garage employees
were younger than their controls. Females were matched adequately, however. It should be
noted that the mean blood lead values for traffic policemen and parking garage attendants, two
groups regularly exposed to higher concentrations of automotive exhausts, were significantly
higher than the means for their relevant control groups. Statistically significant differ-
ences in mean values were not found, however, between women living near a freeway, and control
women living at greater distances from the freeway.

A study of the effects of lower-level urban traffic densities on blood lead levels was
undertaken in Dallas, Texas, in 1976 (Johnson et al., 1978). The study consisted of two
phases. One phase measured air lead values for selected traffic densities and conditions,
ranging from equal to or less than 1,000 to about 37,000 cars/day. The second phase consisted
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of an epidemiological study of traffic density and blood lead levels among residents. Figure
11-31 shows the relationship between arithmetic means of air lead and traffic density. As can
be seen from the graph, a reasonable fit was obtained.
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TRAFFIC VOLUME, can/day

Figure 11-31. Arithmetic mean of air lead level* by traffic
volume. Dallas, 1976.

Source: Johnson et al. (1978).

In addition, for all distances Measured (1.5-30.5 M fro* the road), air lead concentra-
tions declined rapidly with distance fro» the street. At 15 a, concentrations were about 55
percent of the street concentrations. In air leadi-col lections from 1.5 to 30.5 m from the
street, approximately 50 percent of the airborne lead was in the respirable range (<1 urn), and
the proportions in each size class remained approximately the same as the distance from the
street increased.

Soil lead concentrations were higher in areas with greater traffic density, ranging from
73.6 ug/g at less than 1,000 cars per day to a mean of 105.9 at greater than 19,500 cars per
day. The maximum soil level obtained was 730 ug/g. Oustfall samples for 28 days from nine
locations showed no relationship to traffic densities, but outdoor levels were at least 10
times the indoor concentration in nearby residences.
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In the second phase, three groups of subjects, 1 to 6 years old, 18 to 49 years old, and
50 years and older, were selected in each of four study areas. Traffic densities selected
were less than 1,000, 8,000-14,000, 14,000-20,000, and 20,000-25,000 cars/day. The study
groups averaged about 35 subjects, although the number varied from 21 to 50. The smallest
groups were from the highest traffic density area. No relationship between traffic
density and blood lead levels in any of the age groups was found (Figure 11-32). Blood lead
levels were significantly higher in children, 12-18 ug/dl, than in adults, 9-14 ug/dl.

Caprio et al. (1974) compared blood lead levels and proximity to major traffic arteries
in a study reported in 1971 that included 5226 children in Newark, New Jersey. Over 57 per-
cent of the children living within 30.5 m of roadways had blood lead levels greater than 40
ug/dl. For those living between 30.5 and 61 m from the roadways, more than 27 percent had
such levels, and at distances greater than 61 m, 31 percent exceeded 40 ug/dl- The effect of
automobile traffic was seen only in the group that lived within 30.5 m of the road.

No other sources of lead were considered in this study. However, data from other studies
on mobile sources indicate that it is unlikely that the blood lead levels observed in this
study resulted entirely from automotive exhaust emissions.

In 1964, Thomas et al. (1967) investigated blood lead levels in 50 adults who had lived
for at least 3 years within 76 m of a freeway (Los Angeles) and those of 50 others who had
1 rved for a similar period near the ocean or at least 1.6 km from a freeway. Mean blood lead
levels for those near the freeway were 22.7 ±5.6 for men and 16.7 ±7.0 ug/dl for women.
These concentrations were higher than for control subjects living near the ocean: 16.0 ± 8.4
ug/dl for men and 9.9 ± 4.9 ug/dl for women. The higher values, however, were similar to
those of other Los Angeles populations. Measured mean air concentrations of lead in Los
Angeles for October, 1964, were as follows: 12.25 ± 2.70 ug/m3 at a location 9 m from the San
Bernardino freeway; 13.25 ± 1.90 ug/m3 at a fourth-floor location 91.5 m from the freeway; and
4.60 ± 1.92 Mg/ro3 1.6 km from the nearest freeway. The investigators concluded that the dif-
ferences observed were consistent with coastal inland atmospheric and blood lead gradients in
the Los Angeles basin and that the effect of residential proximity to a freeway (7.6-76 m) was
not demonstrated.

Ter Haar and Chadzynski report a study of blood lead levels of children living near three
heavily travelled streets in Detroit (Ter Haar, 1981; Ter Haar and Chadzynski, 1979). Blood
lead levels were not found to be related to distance from the road but were related to condi-
tions of housing and age of the child after multiple regression analyses.
11.5.5.1.2 British studies. In a Birmingham, England, study, mean blood lead levels in 41
males and 58 females living within 800 m of a highway interchange were 14.41 and 10.93 ug/dl,
respectively, just before the opening of the interchange in May, 1972 (Waldron, 1975). From
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October, 1972, to February, 1973, the respective values for the same individuals were 18.95
and 14.93 ug/dl. In October, 1973, they were 23.73 and 19.21 ug/dl. The investigators noted
difficulties in the blood collection method during the baseline period and changed from capil-
lary to venous blood collection for the remaining two sets of samples. To interpret the
significance of the change in blood collection method, some individuals gave both capillary
and venous blood at the second collection. The means for both capillary and venous bloods
were calculated for the 18 males and 23 females who gave both types of blood samples (Barry,
1975). The venous blood mean values for both these males and females were lower by 0.8 and
0.7 ug/dl, respectively. If these differences were applied to the means of the third series,
the mean for males would be reduced to 24.8 ug/dl and that for the females to 18.7 ug/dl.
These adjusted means still show an increase over the means obtained for the first series.
Comparing only the means for venous bloods, namely series two and three, again shows an in-
crease for both groups. The increase in blood lead values was larger than expected following
the model of Knelson et al. (1973), because air lead values near the road were approximately 1
ug/m3. The investigators concluded that either the lead aerosol of very small particles
behaved more like a gas so that considerably more than 37 percent of inhaled material was
absorbed, or that ingestion of lead-contaminated dust might be responsible.

Studies of taxicab drivers have employed different variables to represent the drivers'
lead exposure (Flindt et al., 1976; Jones et al., 1972): one variable was night versus day-
shift drivers (Jones et al., 1972); the other was mileage driven (Flindt et al., 1976). No
difference was observed, in either case.

The studies reviewed show that automobiles produce sufficient emissions to increase air
and nearby soil concentrations of lead as well, and to increase blood lead concentrations in
children and adults. The problem is of greater importance when houses are located within
100 ft (30 m) of the roadway.
11.5.5.2 Miscellaneous Sources of Lead. The habit of cigarette smoking is a source of lead
exposure. Shaper et al. (1982) report that blood lead concentration is higher for smokers
than nonsmokers and that cigarette smoking makes a significant independent contribution to
blood lead concentration in middle-aged men in British towns. A direct increase in lead in-
take from cigarettes is thought to be responsible. Hopper and Mathews (1983) comment that
current smoking has a significant effect on blood lead level, with an average increase of 5.8
percent in blood lead levels for every 10 cigarettes smoked per day. They also report that
past smoking history had no measurable effect on blood lead levels. Hasselblad and Nelson
(1975) report an average increase in women's blood lead levels of 1.3 ug/dl for smokers com-
pared to nonsmokers in the study of Tepper and Levin (1975).
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Although no studies are available, it is conceivable that destruction of lead-containing
plastics (to recover copper), which has caused cattle poisoning, also could become a source of
lead exposure for humans. Waste disposal is a more general problem because lead-containing
materials may be incinerated and may thus contribute to increased air lead levels. This
source of lead has not been studied in detail. Tyrer (1977) cautions of the lead hazard in
the recycling of waste.

The consumption of illicitly distilled liquor has been shown to produce clinical cases of
lead poisoning. Domestic and imported earthenware (De Rosa et al., 1980) with improperly
fired glazes have also been related to clinical lead poisoning. This source becomes important
when foods or beverages high in acid are stored in earthenware containers, because the acid
releases lead from the walls of the containers.

Particular cosmetics, popular among some Oriental and Indian ethnic groups, contain high
percentages of lead that sometimes are absorbed by users in quantities sufficient to be toxic.
Ali et al. (1978) and Attenburrow et al. (1980) discuss the practice of surma and lead poison-
ing. In addition to lead-containing cosmetics causing lead poisoning, folk remedies have also
been linked to lead poisoning (U. S. Centers for Disease Control, 1983a,b). Two Mexican folk
remedies, Azarcon and greta, have been implicated as causing lead poisoning in children (U.S.
Centers for Disease Control, 1983a). These products have a high lead content (70-90 percent)
and are primarily lead tetroxide and lead oxide for Azarcon and greta, respectively. There
have been a minimum of 15 reported cases of lead poisoning associated with these products. A
survey of Mexican-Hispanics living in Los Angeles estimated that 7.1-21.1 percent of Mexican-
Hispanic households had at some time used these products.

A folk medicine used by Hnong refugees from Northern Laos has also been implicated in
lead poisoning of children (U.S. Centers for Disease Control, 1983b). The product, "pay-loo-
ah," has a variable composition and texture, making control more difficult. Other sources of
lead are presented in Table 11-71.

TABLE 11-71. SOURCES OF LEAD

Source References

Gasoline sniffing

Colored gift wrapping
Gunshot wound
Drinking glass decorations
Electric kettles
Hair dye
Snuff use
Firing ranges
Glazed pottery

Kaufman and Wiese (1978)
Coodin and Boeckx (1978)
Hansen and Sharp (1978)
Bertagnolli and Katz (1979)
Dillman et al. (1979)
Anonymous (1979)
Wigle and Charlebois (1978)
Searle and Harnden (1979)
Filippini and Simmler (1980)
Fischbein et al. (1979, 1980b)
Acra et al. (1981)
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11.6 SUMMARY AND CONCLUSIONS
Using the bones and teeth of ancient populations, studies show that levels of internal

exposures of lead today are substantially elevated over past levels. Studies of current
populations living in remote areas far from urbanized cultures show blood lead levels in the
range of 1-5 pg/dl. In contrast to the blood lead levels found in remote populations, data
from current U.S. populations have geometric means ranging from <10 to 20 ug/dl depending on
age, race, sex, and degree of urbanization. These higher current exposure levels appear to be
associated with industrialization and widespread commercial use of lead, e.g., in gasoline
combustion.

Age appears to be one of the single most important demographic covariates of blood lead
levels. Blood lead levels in children up to six years of age are generally higher than those
in non-occupationally exposed adults. Children aged two to three years tend to have the high-
est levels, as shown in Figure 11-33. Blood lead levels in non-occupationally exposed adults
may increase slightly with age due to skeletal lead accumulation.

Sex has a differential impact on blood lead levels depending on age. No significant dif-
ferences exist between males and females less than seven years of age. Males above the age of
seven generally have higher blood lead levels than females.

Race also plays a role, in that blacks generally have higher blood lead levels than
either whites or Hispanics and urban black children (aged 6 months-5 years) have markedly
higher blood lead concentrations than any other racial or age group. Possible genetic factors
associated with race have yet to be fully untangled from differential exposure levels and
other factors as important determinants of blood lead levels.

Blood lead levels also generally increase with degree of urbanization. Data from NHANES
II show blood lead levels in the United States, averaged over 1976-1980, increasing from a
geometric mean of 11.9 ug/dl in rural populations to 12.8 ug/dl in urban populations of less
than one million, and increasing again to 14.0 pg/dl in urban populations of one million or
more.

Blood lead levels, examined on a population basis, have similarly skewed distributions.
Blood lead levels, from a population thought to be homogeneous in terms of demographic and
lead exposure characteristics, approximately follow a lognormal distribution. The geometric
standard deviations, an estimation of dispersion, for four different studies are shown in
Table 11-72. The values, including analytic error, are about 1.4 for children and possibly
somewhat smaller for adults. This allows an estimation of the upper tail of the blood lead
dis.ribution, the group at higher risk. A somewhat larger geometric standard deviation of
1.42 may be derived from the NHANES II study when only gasoline and industrial air lead
emission exposures are assumed to be controllable sources of variation.
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TABLE 11-72. SUMMARY OF BLOOD LEAD POOLED GEOMETRIC STANDARD DEVIATIONS
AND ESTIMATED ANALYTIC ERRORS

Pooled geometric standard deviations

Study

NHANES II

N.Y. Childhood

Inner city
black children

1.37a

1.41

Inner city
white children

1.39a

1.42

Adult
females

1.36b

Adult
males

1.40b

Estimated
analytic
error

0.021
_c

Screening Study

Tepper-Leven

Azar et al.

1.30

1.29

0.056U

0.042d

Note: To calculate an estimated person-to-person GSD, compute Exp [((In(GSD))2 -
Analytic Error)1/2^

aA geometric standard deviation of 1.42 may be derived when only gasoline and industrial
air lead emission exposures are assumed to be controllable sources of variability.
Pooled across areas of differing urbanization

Sot known, assumed to be similar to NHANES II
dTaken from Lucas (19B1).

Recent U.S. blood lead levels show a downward temporal trend occurring consistently
across race, age, and geographic location. The downward pattern commenced in the early part
of the 1970's and has continued into 1980. The downward trend has occurred from a shift in
the entire distribution and not through a truncation in the high blood lead levels. This con-
sistency suggests a general causative factor, and attempts have been made to identify the
causative element. Reduction in lead emitted from the combustion of leaded gasoline is a prime
candidate.

Studies of data from blood lead screening programs (i.e., New York City) suggest that the
downward trend in blood lead levels noted earlier is due to the reduction in air lead levels,
which has been attributed to the reduction of lead in gasoline. The NHANES II analysis found
a highly significant association between the declining blood lead concentrations for the over-
all U.S. population and decreasing amounts of lead used in gasoline in the United States
during the same time period. Two studies used isotope ratios of lead to estimate the relative
proportion of lead in the blood coming from airborne lead. From one study, by Manton, it can
be estimated that between 7 and 41 percent of the blood lead in study subjects in Dallas
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resulted from airborne lead. Additionally, these data provide a means of estimating the in-
direct contribution of air lead to blood lead. By one estimate, only 10 - 20 percent of the
total airborne contribution in Dallas is from direct inhalation.

From the ILE data in Facchetti and Geiss (1982) and Facchetti (1985), as shown in Table
11-73, the direct inhalation of air lead may account for 60 percent of the total adult blood
lead uptake from leaded gasoline in a large urban center, but inhalation is a much less impor-
tant pathway in suburban parts of the region (19 percent of the total gasoline lead contribu-
tion) and in the rural parts of the region (9 percent of the total gasoline lead contribu-
tion). EPA analyses of the preliminary results from the ILE study separated the inhalation
and non-inhalation contributions of leaded gasoline to blood lead into the following three
parts: (1) an increase of about 1.7 ug/dl in blood lead per ug/m3 of air lead, attributable
to direct inhalation of the combustion products of leaded gasoline; (2) a sex difference of
about 2 ug/dl attributable to lower exposure of women to indirect (non-inhalation) pathways-
for gasoline lead; and (3) a non-inhalation background attributable to indirect gasoline lead
pathways, such as ingestion of dust and food, increasing from about 2 ug/dl in Turin to 3
ug/dl in remote rural areas. The non-inhalation background represents only two to three years
of environmental accumulation at the new experimental lead isotope ratio. It is not clear how
to numerically extrapolate these estimates to U.S. subpopulations; but it is evident that even
in rural and suburban parts of a metropolitan area, the indirect (.non-inhalation) pathways for
exposure to leaded gasoline make a significant contribution to blood lead. This can be seen in
Table 11-73. It should also be noted that the blood lead isotope ratio responded fairly
rapidly when the lead isotope ratio returned to its pre-experimental value, but it is not yet
possible to estimate the long-term change in blood lead attributable to persistent exposures
to accumulated environmental lead.

The strongest kind of scientific evidence about causal relationships is based on an ex-
periment in which all possible extraneous factors are controlled. The evidence derived from
the Isotopic Lead Experiment (ILE) comes very close to this ideal. The experimental inter
vention consisted of replacing the normal 206Pb/207Pb isotope ratio by a very different ratio.
There is no plausible mechanism by which other concurrent lead exposure variables (food, water
and beverages, paint, and industrial emissions) could have also changed their isotope ratios.
Hence the very large changes in isotope ratios in blood were responding to the change in
gasoline. There was no need to carry out detailed aerometric and ecological modeling to track
the leaded gasoline isotopes through the various environmental pathways. In fact, our analy-
ses (Section 11.3.6.2.1) show that consideration of inhalation of community air lead alone
w i l l substantially under estimate the total effect of gasoline lead, at least in the 35 sub-
jects whose blood leads were tracked in the ILE Preliminary Study. This may be partially
explained by the differences in the lead concentration measured by stationary monitors
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TABLE 11-73. ESTIMATED CONTRIBUTION OF LEADED GASOLINE TO BLOOD LEAD
BY INHALATION AND NON-INHALATION PATHWAYS

Location

Turin
<25 km
>25 km

Air lead
fraction
from
gasoline3

0.873
0.587
0.587

Blood
lead
fraction
from
gasoline

0.214
0.114
0.101

Blood
lead
from
gasol ine
in air
(ug/dl)

2.79
0.53
0.28

Blood lead
not inhaled
from ,gaso-
line
(ug/di)

1.88
2.33
2.93

Estimated
fraction
gas-lead

A

inhalation

0.60
0.19
0.09

^Fraction of air lead in Phase 2 attributable to lead in gasoline.
Mean fraction of blood lead in Phase 2 attributable to lead in gasoline.
^Estimated blood lead from gasoline inhalation = p x a x b, p = 1.6.
Estimated blood lead from gasoline, non-inhalation = f-e.
Fraction of blood lead uptake from gasoline attributable to direct inhalation = f/e.

Source: Facchetti and Geiss (1982), pp. 52-56; Facchetti (1985).

compared to those that would be measured by personal monitors, expecially if higher exposures
occur in certain microenvironments. Diet lead is also an explanation for the large excess of
gasoline lead isotope ratio in blood beyond that expected from inhalation of ambient air lead,
both from gasoline lead entering the food chain and added by food processing and preparation.
The subjects in the ILE study cannot be said to represent some defined population, and it is
not clear how the results can be extended to U.S. populations. Turin's unusual meteorology,
high lead levels, and "reversed" urban-rural gradient of the subjects in the ILE study indi-
cate the need for future research. But in spite of the variable gasoline lead exposures of
the subjects, there is strong evidence that changes in gasoline lead produce large changes in
blood lead.

Because the main purpose of this chapter is to examine relationships of lead in air and
lead in blood under ambient conditions, the results of studies most appropriate to this area
have been emphasized. A summary of the most appropriate studies appears in Table 11-74. At
air lead exposures of 3.2 ug/m3 or less, there is no statistically significant difference be-
tween curvilinear and linear blood lead inhalation relationships. At air lead exposures of 10
pg/m3 or more, either nonlinear or linear relationships can be fitted. Thus, a reasonably
consistent picture emerges in which the blood lead to air lead relationship by direct inhala-
tion was approximately linear in the range of normal ambient exposures of 0.1-2.0 ug/m3 (as
discussed in Chapter 7). Differences among individuals in a given study (and among several
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TABLE 11-74. SUMMARY OF BLOOD INHALATION SLOPES, (p)
ug/dl per ug/m3

Population Study
Study
type

(P)
Slope,

N ug/dl per ug/m3
Model sensitivity

of slope*

Children

Children

Children

Adult males

Adult males

Angle and Population
Mclntire, 1979
Omaha, NE

1074 1.92 (1.40 - 4.40)a>b'C

Roels et al.
(1980)
Belgium

Population

Yankel et al. Population
(1977); Walter
et al. (1980)
Idaho

148 2.46

879 1.52

a,b

Azar et al.
(1975). Five
groups

Griffin et al.
(1975), NY
prisoners

Population

Experiment

149

43

1.32

1.75

(1.55 - 2.46)

(1.07 - 1.52)a>b>C

(1.08 - 2.39)b'c

(1.52 - 3.38)'

Adult

Adult

males

males

Gross
(1979)

Rabinowitz
al. (1973
1977)

et
,1976

Experiment

Experiment
I

6

5

1.

2.

25

14

(1.

(2.

25 -

14 -

1.

3.

55)u

51)e

*Selected from among the most plausible statistically equivalent models. For nonlinear
models, slope at 1.0 ug/m3.

Sensitive to choice of other correlated predictors such as dust and soil lead.

Sensitive to linear versus nonlinear at low air lead.
cSensitive to age as a covariate.

Sensitive to baseline changes in controls.

Sensitive to assumed air lead exposure.
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studies) are large, so that pooled estimates of the blood lead inhalation slope depend upon
the weight given to various studies. Several studies were selected for analysis, based upon
factors described earlier. ERA analyses* of experimental and clinical studies (Griffin et
a!., 1975; Rabinowitz et al., 1974, 1976, 1977; Kehoe 1961a,b,c; Gross, 1981; Hammond et al.,
1981) suggest that blood lead in adults increases by 1.64 ± 0.22 ug/dl from direct inhalation
of each additional ug/m3 of air lead. ERA analysis of Azar's population study (Azar et al.,
1975) yields a slope of 1.32 ± 0.38 for adult males. ERA analyses of population studies
(Yankel et al., 1977; Roels et al., 1980; Angle and Mclntire, 1979) suggest that, for chil-
dren, the median blood lead increase is 1.97 ug/dl per ug/m3 for inhaled air lead.

These slope estimates are based on the assumption that an equilibrium level of blood lead
is achieved within a few months after exposure begins. This is only approximately true, since
lead stored in the skeleton may return to blood after some years. Chamberlain et al. (1978)
suggest that long-term inhalation slopes should be about 30 percent larger than these estima-
tes. Inhalation slopes quoted here are associated with a half-life of blood lead in adults of
about 30 days. O'Flaherty et al. (1982) suggest that the blood lead half-life may increase
slightly with duration of exposure, but this has not been confirmed (Kang et al., 1983).

One possible approach would be to regard all inhalation slope studies as equally infor-
mative and to calculate an average slope using reciprocal squared standard error estimates as
weights. This approach has been rejected for two reasons. First, the standard error estima-
tes characterize only the internal precision of an estimated slope, not its representativeness
(i.e., bias) or predictive validity. Secondly, experimental and clinical studies obtain more
information from a single individual than do population studies. Thus, it may not be appro-
priate to combine the two types of studies.

Estimates of the inhalation slope for children are only available from population
studies. The importance of dust ingestion as a non-inhalation pathway for children is estab-
lished by many studies. A pooled slope estimate, 1.97 ± 0.39, has been derived for air lead
inhalation based on those studies (Angle and Mclntire, 1979; Roels et al., 1980; Yankel et
al., 1977) from which the air inhalation and dust ingestion contributions can both be esti-
mated. Aggregate analyses of data from these and several other studies typically yield slope
estimates in the range of 3-5 for the combined impact of both direct (inhaled) and indirect
(via dust, etc.) contributions of air lead to blood lead in children.

*Note: The term ERA analyses refers to calculations done at ERA. A brief discussion of the
methods used is contained in Appendix 11-B; more detailed information is available at ERA
upon request.
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While direct inhalation of air lead is stressed, this is not the only air lead contribu-
tion that needs to be considered. Smelter studies allow partial assessment of the air lead
contributions to soil, dust, and finger lead. Conceptual models allow preliminary estimation
of the propagation of lead through the total food chain as shown in Chapter 7. Useful mathe-
matical models to quantify the propagation of lead through the food chain need to be devel-
oped. The direct inhalation relationship does provide useful information on changes in blood
lead as responses to changes in air lead on a tine scale of several months. The indirect
pathways through dust and soil and through the food chain may thus delay the total blood lead
response to changes in air lead, perhaps by one or more years. The Italian ILE study facili-
tates partial assessment of this delayed response from leaded gasoline as a source.

Dietary absorption of lead varies greatly from one person to another and depends on the
physical and chemical form pf the carrier, on nutritional status, and on whether lead is In-
gested with food or between meals. These distinctions are particularly important for consump-
tion by children of leaded paint, dust, and soil. Typical values of 10 percent absorption of
ingested lead into blood have been assumed for adults and 25 to 50 percent for children.

It is difficult to obtain accurate dose-response relationships between blood lead levels
and lead levels in food or water. Dietary intake must be estimated by duplicate diets or
fecal lead determinations. Water lead levels can be determined with some accuracy, but the
varying amounts of water consumed by different individuals add to the uncertainty of the esti-
mated relationships.

Quantitative analyses relating blood lead levels and dietary lead exposures have been re-
ported. Studies on infants provide estimates that are in close agreement. Only one indi-
vidual study is available for adults (Sherlock et al. 1982); another estimate from a number of
pooled studies is also available. These two estimates are in good agreement. Most of the
subjects in the Sherlock et al. (1982) and United Kingdom Central Directorate on Environmental
Pollution (1982) studies received quite high dietary lead levels (>300 ug/day). The fitted
cube root equations give high slopes at lower dietary lead levels. On the other hand, the
linear slope of the United Kingdom Central Directorate on Environmental Pollution (1982) study
is probably an underestimate of the slope at lower dietary lead levels. For these reasons,
the Ryu et al. (1983) study is the most believable, although 1t only applies to infants and
also probably underestimates to some extent the value of the slope. Estimates for adults
should be taken from the experimental studies or calculated from assumed absorption and half-
life values. Most of the dietary intake supplements were so high that many of the subjects
had blood lead concentrations much in excess of 30 ug/dl for a considerable part of the ex-
periment. Blood lead levels thus may not completely reflect lead exposure, due to the
previously noted nonlinearity of blood lead response at high exposures. The slope estimates
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for adult dietary intake are about 0.02 ug/dl increase in blood lead per (jg/day intake, but
consideration of blood lead kinetics may increase this value to about 0.04. Such values are a
bit lower than slopes of about 0.05 ug/dl per ug/day estimated from the population studies ex-
trapolated to typical dietary intakes. The value for infants is larger.

The relation between blood lead and water lead is not clearly defined and is often de-
scribed as nonlinear. Water lead intake varies greatly from one person to another. It has
been assumed that children can absorb 25-50 percent of lead in water. Many authors chose to
fit cube root models to their data, although polynomial and logarithmic models were also used.
Unfortunately, the form of the model greatly influences the estimated contributions to blood
leads from relatively low water lead concentration.

Although there is close agreement in the quantitative analyses of the relationship bet-
ween blood lead level and dietary lead, there is a larger degree of variability in results of
the various water lead studies. The relationship is curvilinear, but its exact form is yet to
be determined. At typical levels for U.S. populations, the relationship appears linear. The
only study that determines the relationship based on lower water lead values (<100 ug/1) is
the Pocock et al. (1983) study. The data from this study, as well as the authors themselves,
suggest that in this lower range of water lead levels, the relationship is linear. Further-
more, the estimated contributions to blood lead levels from this study are quite consistent
with the polynomial models from other studies. For these reasons, the Pocock et al. (1983)
slope of 0.06 is considered to represent the best estimate. The possibility still exists,
however, that the higher estimates of the other studies may be correct in certain situations,
especially at higher water lead levels (>100 ug/1).

Studies relating soil lead to blood lead levels are difficult to compare. The relation-
ship obviously depends on depth of soil lead, age of the children, sampling method, cleanli-
ness of the home, mouthing activities of the children, and possibly many other factors. Var-
ious soil sampling methods and sampling depths have been used over time, and as such they may
not be directly comparable and may produce a dilution effect of the major lead concentration
contribution from dust which is located primarily in the top 2 cm of the soil. Increases in
soil dust lead significantly increase blood lead in children. From several studies (Yankel et
al., 1977; Angle and Mclntire, 1979) EPA estimates an increase of 0.6-6.8 ug/dl in blood lead
for each increase of 1000 ug/g in soil lead concentration. Values of about 2.0 ug/dl per
1,000 ug/9 soil lead from the Stark et al. (1982) study may represent a reasonable median
estimate. The relationship of housedust lead to blood lead is difficult to obtain. House-
hold dust also increases blood lead, as children from the cleanest homes in the Silver Valley/
Kellogg Study had 6 ug/dl less lead in blood, on average, than those from the households with
the most dust.
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A number of specific environmental sources of airborne lead have been identified as
having a direct influence on blood lead levels. Primary lead smelters, secondary lead
smelters, and battery plants emit lead directly into the air and ultimately increase soil and
dust lead concentrations in their vicinity. Adults, and especially children, have been shown
to exhibit elevated blood lead levels when living close to these sources. Blood lead levels
in these residents have been shown to be related to air, as well as to soil or dust exposures.
The habit of cigarette smoking is a source of lead exposure. Other sources include the
following: lead based cosmetics, lead-based folk remedies, and glazed pottery.
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APPENDIX 11A
COMPARTMENTAL ANALYSIS

Many authors have noted that under conditions of constant lead exposure, blood lead con-
centrations change from one level to another apparent equilibrium level over a period of
several months. A mathematical model is helpful in estimating the new apparent equilibrium
level even when the duration of the experiment is not sufficiently long for this equilibrium
level to have been achieved. The model assumes that lead in the body is held in some number
of homogeneous and well-mixed pools or compartments. The compartments have similar kinetic
properties and may or may not correspond to identifiable organ systems. In a linear kinetic
model it is assumed that the rate of change of the mass of lead in compartment i at time t,
denoted X.(t), is a linear function of the mass of lead in each compartment. Denote the frac-
tional rate of transfer of lead into compartment i from compartment j by K. . (fraction per
day), and let I-(t) be the total external lead input into compartment i at time t in units
such as ug/day. The elimination rate from compartment i is denoted KQ.. The compartmental
model is

dX.(t)/dt = I.(t) + K.t Xt(t)+ ' ' ' + K.nXn(t) -

for each of the n compartments. If the inputs are all constant, then each X.(t) is the sum of
(at most) n exponential functions of time (see for example, Jacquez, 1972).

For the one-compartment model

dX.(t)/dt = It - KQ1 Xi(t) (11-24)

with an initial lead burden Xt(0) at time 0,

X^t) = XjCO) exp(-KQlt) + [(l!/K01) (l-exp(-Knlt)] (11-25)

The mass of lead at equilibrium is It/K01 ug. We may think of this pool as "blood lead". If
the pool has volume Vx then the equilibrium concentration is Ii/Kg! Vx ug/dl. Intake from
several pathways will have the form

Ii = A! (Pb-Air) + A2 (Pb-Diet)-*- ' ' ' (H'26)
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so that the long-term concentration is

Ii/K0i Vt = (A1/KQIV1) Pb-Air + ' ' '

The inhalation coefficient is p = AJ/KQ^. The blood lead half-life is 0.693/KQ1.
Models with two or more compartments will still have equilibrium concentrations in blood

and other compartments that are proportional to the total lead intake, and thus increase
linearly with increasing concentrations in air, dust, and diet. The relationship between the
exponential parameters and the fractional transfer coefficients will be much more complicated,
however.

Models with two or three pools have been fitted by Rabinowitz et al. (1976, 1977) and by
Batschelet et al. (1979). The pools are tentatively identified as mainly blood, soft tissue
and bone. But as noted in Section 11.4.1.1, the "blood" pool is much larger than the volume
of blood itself, and so it is convenient to think of this as the effective volume of distri-
bution for pool 1. A five-pool model has been proposed by Bernard (1977), whose pools are
mainly blood, liver, kidney, soft bones and hard bone.

The major conclusion of this Appendix is that linear kinetic mechanisms imply linear
relationships between blood lead and lead concentrations in environmental media. An extended
discussion of nonlinear kinetic mechanisms is given in Chapter 10, based on analyses in
Marcus (1985). One important mechanism involves an apparent limitation on the amount of
lead that can be absorbed by the red blood cells. However, at blood lead levels <30 ug/dl
this limitation does not greatly affect the linearity of the relationship between blood lead
and lead exposure.
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APPENDIX 11B
FITTING CURVES TO BLOOD LEAD DATA

The relationship between blood lead and the concentrations of lead in various environ-
mental media is a principal concern of this chapter. It is generally accepted that the geo-
metric mean blood lead is some function, f, of the concentration of air lead and of lead in
diet, dust, soil, and other media. It has been observed that blood lead levels have a highly
skewed distribution even for populations with relatively homogeneous exposure, and that the
variability in blood lead is roughly proportional to the geometric mean blood lead or to the
arithmetic mean (constant coefficient of variation). Thus, instead of the usual model in
which random variations are normally distributed, a model is assumed here in which the random
deviations are multiplicative and lognormally distributed with geometric mean 1 and geometric
standard deviation (GSD) ea. The model is written

Pb-Blood = f (Pb-Air, etc.) eaz (11-28)

where z is a random variable with mean 0 and standard deviation 1. It has a Gaussian or
normal distribution. The model is fitted to data in logarithmic form

In(Pb-Blood) = In (f) (11-29)

even when f is assumed to be a linear function, e.g.,

f = p Pb-Air + pQ + p! Pb-Dust * ... (11-30)

The nonlinear function, fitted by most authors (e.g., Snee, 1982b), is a power function with
shape parameter A, * •

f = (P Pb-Air + PQ + P! Pb-Dust * ...)X (11-31)

These functions can all be fitted to data using nonlinear regression techniques. Even when
the nonlinear shape parameter A has a small statistical uncertainty or standard error as-
sociated with it, a highly variable data set may not clearly distinguish the linear function
(A = 1) from a nonlinear function (A ^ 1). In particular, for the Azar data set, the residual
sum of squares is shown as a function of the shape parameter A, in Figure 11B-1. When only a
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separate intercept (background) is assumed for each subpopulation, the best choice is \ =
0.26; but when age is also used as a covariate for each subpopulation, then the linear model
is better. However, the approximate size of the difference in residual sum of squares
required to decide at the 5 percent significance level that a nonlinear model is better (or
worse) than a linear model is larger than the observed difference in sum of squares for any
\>0.2 (Gallant, 1975). Therefore, a linear model is used unless evidence of nonlinearity is
very strong, as with some of Kehoe's studies and the Silver Valley/Kellogg study. Non-
linearity is detectable only when blood lead is high (much above 35 or 40 ug/dl), and intake
is high, e.g., air lead much above 10 ug/a3. Additional research is needed on the relation-
ship between lead levels and lead intake from all environmental pathways.
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APPENDIX 11C
ESTIMATION OF GASOLINE LEAD CONTRIBUTIONS TO ADULT

BLOOD LEAD BURDENS BASED ON ILE STUDY RESULTS

As discussed in Chapter 11 (pp. 11-118 to 11-123) the results of the Isotopic Lead Ex-
periment (ILE) carried out in Northern Italy provide one basis by which to estimate contribu-
tions of lead in gasoline to blood lead burdens of populations exposed in the ILE study area.
Figures 11C-1 to 5 of this appendix, reprinted from Facchetti and Geiss (1982), illustrate
changes in isotopic 206Pb/207Pb ratios for 35 adult subjects, for whom repeated measurements
were obtained over time during the ILE study. The percent of total blood lead in those sub-
jects contributed by Australian lead-labeled gasoline (petrol) used in automotive vehicles in
the ILE study area was estimated by the approach reprinted below verbatim from Appendix 17 of
Facchetti and Geiss (1982):

The main purpose of the ILE project was the determination of the contribution of petrol
lead to total lead in blood. A rough value for the fraction of petrol lead in blood can be
derived from the following equations:

R! X + f (1-X) = R' (1)
R2 X + f (1-X) = R" (11)

each of them referring to a given time at which equilibrium conditions hold.
R1 and R" represent the blood lead isotopic ratios measured at each of the two times; if

R, and R~ represent the local petrol lead Isotopic ratios measured at the same times, X is the
fraction of local petrol lead in blood due to petrols affected by the change in the lead
isotopic ratio, irrespective of its pathway to the blood i.e., by inhalation and ingestion
(e.g., from petrol lead fallout). The term (1-X) represents the fraction of the sum of all
other external sources of lead in the blood (any «other» petrol lead included), factor f
being the unknown Isotopic ratio of the mixture of these sources. It is assumed that X and f
remained constant over the period of the experiment, which implies a reasonable constancy of
both the lead contributing sources in the test areas and the living habits which, in practice,
might not be entirely the case.

Data from individuals sampled at the initial and final equilibrium phases of the ILE
study together with petrol lead isotopic ratios measured at the same times, would ideally
provide a means to estimate X for Turin and countryside adults. However, for practical
reasons, calculations were based on the initial and final data of the subjects whose first
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sampling was done not later than 1975 and the final one during phase 2. Their complete
follow-up data are shown 1n Table 27. For R^ and R2 the values Measured 1n the phases 0 and 2
of ILE were used (R^ = 1.186, RZ = 1.060). Hence, as averages of the Individual X and f
results, we obtain:

Turin

countryside
<25 kn

countryside
>25 km

Xi

Xs
fa

0.237 t 0.054
1.1560 1 0.0033

0.125 ± 0.071
1.1542 t 0.0036

0.110 t 0.058
1.1576 ± 0.0019

I.e 24X

I.e. 12X

1.16 -

1.15 -

9: 1.14 -

1.13 -

1.12 -

74

Figure 11C-1. Individual values of blood Pb-206/Pb-207 ratio
for subjects follow-up in Turin (12 subjects).

Source: Facchetti and Geiss (1982).
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ABSTRACT

The document evaluates and assesses scientific information on the health
and welfare effects associated with exposure to various concentrations of lead
in ambient air. The literature through 1985 has been reviewed thoroughly for
information relevant to air quality criteria, although the document is not
intended as a complete and detailed review of all literature pertaining to
lead. An attempt has been made to identify the major discrepancies in our
current knowledge and understanding of the effects of these pollutants.

Although this document is principally concerned with the health and
welfare effects of lead, other scientific data are presented and evaluated in
order to provide a better understanding of this pollutant in the environment.
To this end, the document includes chapters that discuss the chemistry and
physics of the pollutant; analytical techniques; sources, and types of
emissions; environmental concentrations and exposure levels; atmospheric
chemistry and dispersion modeling; effects on vegetation; and respiratory,
physiological, toxicological, clinical, and epidemiological aspects of human
exposure.
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GLOSSARY VOLUME IV

ADP/0 ratio - a measure of the rate of respiration; the ratio of adenosine
diphosphate concentration to oxygen levels increases as
respiration is impaired

active transport - the translocate on of a solute across a membrane by means of
an energy-dependent carrier system capable of moving against
a concentration gradient

affective function - pertaining to emotion

asthenospermia - loss or reduction of the motility of spermatozoa

azotemia - an excess of urea and other nitrogenous compounds in the blood

basal ganglia - all of the large masses of gray matter at the base of the
cerebral hemispheres, including the corpus striatum, subthalamic
nucleus, and substantia nigra

basophilic stippling - a histochemical appearance characteristic of immature
erythrocytes

cognitive function - pertaining to reasoning, judging, conceiving, etc.

corpuscular volume - red blood cell volume

cristae*- shelf-like infoldings of the inner membrane of mitochondria

cytomegaly - markedly enlarged cells

demyelination - destruction of the protective myelin sheath which surrounds
most nerves

depolarization - the electrophysiological process underlying neural transmission

desaturation kinetic study - a form of kinetic study in which the rate of release
of a species from its binding is studied

desquamation - shedding, peeling, or scaling off

disinhibition - removal of a tonic inhibitory effect

endoneurium - the delicate connective tissue enveloping individual nerve fibers
within a nerve

erythrocyte - red blood cell

erythropoiesis - the formation of red blood cells

feedback derepression - the deactivation of a represser

hepatocyte - a parenchymal liver cell
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hyalinization - a histochemical marker characteristic of degeneration

hyperkalemia - a greater than normal concentration of potassium ions in the
circulating blood

hyperplasia - increased numbers of cells

hypertrophy - increased size of cells

hypochromic - containing less than the normal amount of pigment

hyporeninemic hypoaldosteronism - pertaining to a systemic deficiency of renin
and aldosterone

inclusion bodies - any foreign substance contained or entrapped within a cell

isocortex - cerebral cortex

lysosomes - a cytoplasmic, membrane-bound particle containing hydrolyzing
enzymes

macrophage - large scavenger cell that ingests bacteria, foreign bodies, etc.

(Na , K )-ATPase - an energy-dependent enzyme which transports sodium and
potassium across cell membranes

natriuresis - enhanced urinary excretion of sodium

normocytic - refers to normal, heal thy-looking erythrocytes

organotypic - disease or cell mixture representative of a specific organ

oxidative phosphorylation - the generation of cellular energy in the presence
of oxygen

paresis - partial or incomplete paralysis

pathognomic feature - characteristic or indicative of a disease

polymorphonuclear leukocytes - leukocytes (white blood cells) having nuclei of
various forms

respiratory control rates (RCRs) - measure of intermediary metabolism

reticulocytosis - an increase in the number of circulating immature red blood
cells

synaptogenesis - the formation ,jf neural connections (synapses)

synaptosomes - morphological unit composed of nerve terminals and the attached
synapse

teratogenic - affecting the development of an organism

teratospermia - a condition characterized by the presence of malformed
spermatozoa

xv i



Chapter 12: Biological Effects of Lead Exposure

Contributing Authors

Dr. Max Costa
Department of Pharmacology
University of Texas Medical School
Houston, TX 77025

Dr. J. Michael Davis
Environmental Criteria and Assessment Office
MD-52
U.S. Environmental Protection Agency
Research Triangle Park, NC 27711

Dr. Jack Dean
Immunobiology Program and Immunotoxicology/

Cell Biology Program
CUT
P.O. Box 12137
Research Triangle Park, NC 27709

Dr. Bruce Fowler
Laboratory of Pharmacology
NIEHS
P.O. Box 12233
Research Triangle Park, NC 27709

Dr. Lester Grant
Director, Environmental Criteria and

Assessment Office
MD-52
U.S. Environmental Protection Agency
Research Triangle Park, NC 27711

Dr. Ronald D. Hood
Department of Biology
The University of Alabama
P.O. Box 1927
University, AL 35486

Dr. Loren Koller
School of Veterinary Medicine
University of Idaho
Moscow, ID 83843

Dr. David Lawrence
Microbiology and Immunology Department
Albany Medical College of Union University
Albany, NY 12208

Dr. Paul Mushak
Department of Pathology
UNC School of Medicine
Chapel Hill, NC 27514

Dr. David Otto
Clinical Studies Division
.MD-58
U.S. Environmental Protection
Agency

Research Triangle Park, NC 27711

Dr. Magnus Piscator
Department of Environmental Hygiene
The Karolinska Institute 104 01
Stockholm
Sweden

Dr. John F. Rosen
Department of Pediatrics
Montefiore Hospital and

Medical Center
New York, NY 10467

Dr. Stephen R. Schroeder
Division for Disorders of

Development and Learning
Biological Sciences Research Center
University of North Carolina
Chapel Hill, NC 27514

Dr. Richard P. Wedeen
V.A. Medical Center
Tremont Avenue
East Orange, NJ 07019

Dr. David Weil
Environmental Criteria and
Assessment Office

MD-52
U.S. Environmental Protection
Agency

Research Triangle Park, NC 27711

xvi i



The following persons reviewed this chapter at EPA's request. The evaluations
and conclusions contained herein, however, are not necessarily those of the
reviewers.

Dr. Carol Angle
Department of Pediatrics
University of Nebraska
College of Medicine
Omaha, NE 68105

Dr. Lee Annest
Division of Health Examin. Statistics
National Center for Health Statistics
3700 East-West Highway
Hyattsville, MD 20782

Dr. Donald Barltrop
Department of Child Health
Westminister Children's Hospital
London SW1P 2NS
England

Dr. Irv Billick
Gas Research Institute
8600 West Bryn Mawr Avenue
Chicago, IL 60631

Dr. Joe*Boone
Clinical Chemistry and

Toxicology Section
Center for Disease Control
Atlanta, GA 30333

Dr. Robert Bornschein
University of Cincinnati
Kettering Laboratory
Cincinnati , OH 45267

Dr. A. C. Chamberlain
Environmental and Medical Sciences Division
Atomic Energy Research Establishment
HarwelI 0X11
England

Chernoff
of Developmental Biology

Dr. Neil
Division
MO-67
U.S. Environmental Protection Agency
Research Triangle Park, NC 27711

Dr. Julian Chisolm
Baltimore City Hospital
4940 Eastern Avenue
Baltimore, MD 21224

Dr. Jerry Cole
International Lead-Zinc Research
Organization

292 Madison Avenue
New York, NY 10017

Dr. Anita Curran
Commissioner of Health
Westchester County
White Plains, NY 10607

Dr. Cliff Davidson
Department of Civil Engineering
Carnegie-Mellon University
Schenley Park
Pittsburgh, PA 15213

Dr. H. T. Delves
Chemical Pathology and Human

Metabolism
Southampton General Hospital
Southampton S09 4XY
England

Dr. Fred deSerres
Associate Director for Genetics
NIEHS
P.O. Box 12233
Research Triangle Park, NC 27709

Dr. Joseph A. DiPaolo
Laboratory of Biology, Division
of Cancer Cause and Prevention

National Cancer Institute
Bethesda, MD 20205

Dr. Robert Oixon
Laboratory of Reproductive and

Developmental Toxicology
NIEHS
P.O. Box 12233
Research Triangle Park, NC 27711

xvn



Dr. Clair Ernhart
Department of Psychiatry
Cleveland Metropolitan General Hospital
3395 Scranton Road
Cleveland, OH 44109

Dr. Sergio Fachetti
Section Head - Isotope Analysis
Chemistry Division
Joint Research Center
121020 Ispra
Varese, Italy

Dr. Virgil Perm
Department of Anatomy and Cytology
Dartmouth Medical School
Hanover, NH 03755

Dr. Alf Fischbein
Environmental Sciences Laboratory
Mt. Sinai School of Medicine
New York, NY 10029

Dr. Jack Fowle
Reproductive Effects Assessment Group
U.S. Environmental Protection Agency
RD-689-3
Washington, DC 20460

Dr. Bruce Fowler
Laboratory of Pharmocology
NIEHS
P.O. Box 12233
Research Triangle Park, NC 27709

Dr. Warren Galke
Department of Biostatistics and Epidemiology
School of Allied Health
East Carolina University
Greenville, NC 27834

Mr. Eric Goldstein
Natural Resources Defense Council, Inc.
122 E. 42nd Street
New York, NY 10168

Dr. Harvey Gonick
1033 Gayley Avenue
Suite 116
Los Angeles, CA 90024

Dr. Robert Goyer
Deputy Director
NIEHS
P.O. Box 12233
Research Triangle Park, NC 27711

Dr. Philippe Grandjean
Department of Environmental Medicine
Institute of Community Health
Odense University
Denmark

Dr. Stanley Gross
Hazard Evaluation Division
Toxicology Branch
U.S. Environmental Protection
Agency

Washington, DC 20460

Dr. Paul Hammond
University of Cincinnati
Kettering Laboratory
Cincinnati, OH 45267

Dr. Kari Hemminki
Institute of Occupational Health
Tyoterveyslaitos-Haartmaninkatu
1 SF-00290 Helsinki 29
Finland

Dr. V. Houk
Center for Disease Control
1600 Clifton Road, NE
Atlanta, GA 30333

Dr. Carole A. Kimmel
Perinatal and Postnatal Evaluation
Branch

National Center for Toxicological
Research

Jefferson, AR 72079

Dr. Kristal Kostial
Institute for Medical Research
and Occupational Health

YU-4100 Zagreb
Yugoslavia

Dr. Lawrence Kupper
Department of Biostatistics
UNC School of Public Health
Chapel H i l l , NC 27514

xix



Dr. Philip Landrigan
Division of Surveillance,
Hazard Evaluation and Field Studies

Taft Laboratories - NIOSH
Cincinnati, OH 45226

Dr. Alais-Yves Leonard
Centre D'Etude De L'Energie Nucleaire
B-2400 Mol
Belgium

Dr. Jane Lin-Fu
Office of Maternal and Child Health
Department of Health and Human Services
Rockville, MD 20857

Dr. Don Lynam
Air Conservation
Ethyl Corporation
451 Florida Boulevard
Baton Rouge, LA 70801

Or. Kathryn Mahaffey
Division of Nutrition
Food and Drug Administration
1090 Tusculum Avenue
Cincinnati, OH 45226

Dr. Ed McCabe
Department of Pediatrics
University of Wisconsin
Madison, WI 53706

Dr. Chuck Nauman
Exposure Assessment Group
U.S. Environmental Protection Agnecy
Washington, DC 20460

Or. Herbert L. Needleman
Children's Hospital of Pittsburgh
Pittsburgh, PA 15213

Or. For rest H. Nielsen
Grand Forks Human Nutrition Research Center
USDA
Grand Forks, ND 58202

Dr. Stephen Overman
Toxicology Institute
New York State Department of

Health
Empire State Plaza
Albany, NY 12001

Dr. H. Mitchell Perry
V.A. Medical Center
St. Louis, MO 63131

Dr. Jack Pierrard
E.I. duPont de Nemours and
Company, Inc.

Petroleum Laboratory
Wilmington, DE 19898

Dr. Sergio Piomelli
Columbia University Medical School
Division of Pediatric Hematology

and Oncology
New York, NY 10032

Dr. Robert Putnam
International Lead-Zinc
Research Organization

292 Madison Avenue
New York, NY 10017

Dr. Michael Rabinowitz
Children's Hospital Medical Center
300 Longwood Avenue
Boston, MA 02115

Dr. Larry Reiter
Neurotoxicology Division
MD-74B
U.S. Environmental Protection
Agency

Research Triangle Park, NC 27711

Or. Cecil R. Reynolds
Department of Educational Psychology
Texas A & M University
College Station, TX 77843

Dr. Patricia Rodier
Department of Anatomy
University of Rochester Medical

Center
Rochester, NY 14642

xx



Dr. Harry Roels
Unite de Toxicologie Industrielle et Medicale
Universite de Louvain
Brussels, Belgium

Dr. John Rosen
Head, Division of Pediatric Metabolism
Montefiore Hospital and Medical Center
111 East 210 Street
Bronx, NY 10467

Dr. Michael Rutter
Department of Psychology
Institute of Psychiatry
DeCrespigny Park
London SE5 SAL
England

Dr. Anna-Maria Seppalainen
Institutes of Occupational Health
Tyoterveyslaitos
Haartmanikatu 1
00290 Helsinki 29
Finland

Dr. Ellen Silbergeld
Environmental Defense Fund
1525 18th Street, NW
Washington, DC 20036

Ms. Marjorie Smith
Department of Psychological Medicine
Hospital for Sick Children
Great Ormond Street
London WC1N 3EM
England

Mr. Peter Harvey
Environment, Health and

Behavior Research Group
59 Selly Wick Road
The University of Birmingham
Birmingham B29 7JF
England

Dr. Ron Snee
E.I. duPont de Nemours and
Company, Inc.

Engineering Department L3167
Wilmington, DE 19898

Dr. F. William Sunderman, Jr.
Department of Pharmacology
University of Connecticut

School of Medicine
Farmington, CT 06032

Dr. Gary Ter Haar
Toxicology and Industrial
Hygiene

Ethyl Corporation
451 Florida Boulevard
Baton Rouge, LA 70801

Dr. Hugh A. Til son
Laboratory of Behavioral and
Neurological Toxicology

NIEHS
Research Triangle Park, NC 27709

Mr. lan von Lindern
Department of Chemical Engineering
University of Idaho
Moscow, ID 83843

Dr. William Yule
Institute of Psychiatry
DeCrespigny Park
London SE5 8AF
England

xxi



Chapter 13: Risk Assessment

Principal Authors

Dr. tester Grant
Director, Environmental Criteria and
Assessment Office

MD-52
U.S. Environmental Protection Agency
Research Triangle Park, NC 27711

Contributing Authors

Dr. Robert Elias
Environmental Criteria and Assessment Office
MD-52
U.S. Environmental Protection Agency
Research Triangle Park, NC 27711

Dr. Vie Hasselblad
Biometry Division
MD-55
U.S. Environmental Protection Agency
Research Triangle Park, NC 27711

Dr. Dennis Kotchmar
Environmental Criteria and Assessment Office
MD-52 *
U.S. Environmental Protection Agency
Research Triangle Park, NC 27711

Dr. Paul Mushak
Department of Pathology
UNC School of Medicine
Chapel H i l l , NC 27514

Dr. Alan Marcus
Department of Mathematics
Washington State University
Pullman, Washington 99164-2930

Dr. David Weil
Environmental Criteria and
Assessment Office

U.S Environmental Protection
Agency

Research Triangle Park, NC 27711

xxi i



12. BIOLOGICAL EFFECTS OF LEAD EXPOSURE

12.1 INTRODUCTION
As noted in Chapter 2, air quality criteria documents evaluate scientific knowledge of

relationships between pollutant concentrations and their effects on the environment and public
health. Chapters 3-7 of this document discuss the following: physical and chemical proper-
ties of lead; measurement methods for lead in environmental media; sources of emissions;
transport, transformation, and fate; and ambient concentrations and other aspects of the ex-
posure of the U.S. population to lead in the environment. Chapter 8 evaluates the projected
impact of lead on ecosystems. Chapters 9-11 discuss the following: measurement techniques
for lead in biologic media; aspects related to the uptake, distribution, toxicokinetics, and
excretion of lead; and the relationship of various external and internal lead exposure indices
to each other. This chapter assesses information regarding biological effects of lead expo-
sure, with emphasis on (1) the qualitative characterization of various lead-induced effects
and (2) the delineation of dose-effect relationships for key health effects most likely of
concern at ambient exposure levels currently encountered by the general population of the
United States.

It is clear from the evidence evaluated in this chapter that there exists a continuum of
biological effects associated with lead across a broad range of exposure. At rather low
levels of lead exposure, biochemical changes, such as the disruption of certain enzymatic
activities involved in heme biosynthesis and erythropoietic pyrimidine metabolism, are detec-
table. With increasing lead exposure, there are sequentially more pronounced effects on heme
synthesis and a broadening of lead's effects to additional biochemical and physiological
mechanisms in various tissues, such that progressively more severe disruption of the normal
functioning of many different organ systems becomes apparent. In addition to impairment of
heme biosynthesis, signs of disruption of normal functioning of the erythropoietic and nervous
systems are among the earliest effects observed in response to increasing lead exposure. At
increasingly higher exposure levels, more severe disruption of the erythropoietic and nervous
systems occurs; other organ systems are also affected so as to result in the manifestation of
renal effects, disruption of reproductive functions, impairment of immunological functions,
and many other biological effects. At sufficiently high levels of exposure, the damage to the
nervous system and other effects can be severe enough to result in death or, in some cases of
non-fatal lead poisoning, long-lasting sequelae such as permanent mental retardation.

The etiologies of many of the different types of functional disruption of various mamma-
lian organ systems derive (at least in their earliest stages) from lead's effects on certain
subcellular organelles, which result in biochemical derangements (e.g., disruption of heme
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synthesis processes) common to and affecting many tissues and organ systems. Some major
effects of lead on subcellular organelles common to numerous organ systems in mammalian spe-
cies are discussed below in Section 12.2, with particular emphasis on lead effects on mito-
chondrial functions. Subsequent sections of this chapter discuss biological effects of lead
in terms of various organ or physiological systems affected by the element and its compounds
(except for Section 12.7, which assesses genotoxic and carcinogenic effects of lead). Addi-
tional cellular and subcellular aspects of the biological effects of lead are discussed within
respective sections on particular organ systems.

Sections 12.3 to 12.10 have been sequenced generally according to the degree of known
vulnerability of each system to lead. Major emphasis is placed first on detailed discussion
of the effects of lead on heme synthesis and associated multisystem impacts on several
important physiological processes and organ systems. Effects of lead on the two organ systems
classically considered to be most sensitive to lead (i.e., the hematopoietic and the nervous
systems) are further emphasized in early sections. Subsequent sections then discuss addi-
tional effects of lead on the kidney and on reproduction and development (in view of the
impact of lead on the fetus and pregnant women, as well as its gametotoxic effects). Geno-
toxic effects of lead and evidence for possible carcinogenic effects of lead are then re-
viewed, followed by discussion of the effects of lead on the immune system and, lastly, other
organ systems. --•3

This chapter is subdivided mainly according to organ systems to facilitate presentation
of information. It must be noted, however, that in reality, all systems function in delicate
concert to preserve the physiological integrity of the whole organism and all systems are in-
terdependent. Thus, not only do effects in a critical organ often exert impacts on other
organ systems, but low-level effects that might be construed as unimportant in a single speci-
fic system may be of concern in terms of their cumulative or aggregate impact.

Special emphasis is placed on the discussion of the effects of lead exposure in children.
Children are particularly at risk due to sources of exposure, mode of entry, rate of absorp-
tion and retention, and partitioning of lead in soft and hard tissues. The greater sensitivi-
ty of children to lead toxicity, their inability to recognize symptoms, and their dependence
on parents and health care professionals make them an especially vulnerable population re-
quiring special consideration in developing criteria and standards for lead.

In discussing the biological effects of lead, it is important to note that lead has not
been demonstrated to have any beneficial biological effect in humans. Some recent studies
have raised the possibility that lead could be a nutritionally essential element. The primary
evidence for this view has come from a series of articles by Kirchgessner and Reichlmayr-Lais,
who have reported that rats maintained on a semi-synthetic diet low in lead (either 18 or
45 ppb) over several generations showed reduced growth rates (Reichlmayr-Lais and
Kirchgessner, 1981a), disturbances in hematological indices, tissue iron, and iron absorption
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(Reichlmayr-Lais and Kirchgessner, 1981b,c,d,e; Kirchgessner and Reichlmayr-Lais, 1981a,b),
and changes in certain enzyme activities and metabolite levels (Reichlmayr-Lais and
Kirchgessner, 1981f; Kirchgessner and Reichlmayr-Lais, 1982). Diets containing 18 ppb lead
were associated with the most pronounced effects on iron metabolism and growth as well as on
enzyme activities and metabolite levels. Animals in the Regroup maintained on a 45-ppb lead
diet showed moderate changes in some hematological indices.

These studies were reviewed by a committee of independent scientists convened by the U.S.
Environmental Protection Agency (Expert Committee on Trace Metal Essentiality, 1983). The
Committee's conclusions were as follows:

1. The Kirchgessner and Reichlmayr-Lais data furnish evidence that is consistent
with and, in some opinions, indicative of a nutritional essentiality of lead
for rats.

2. The evidence is not sufficient to establish nutritional essentiality of lead
for rats.

3. To address the basic issue of nutritional essentiality of lead, additional evi-
dence needs to be obtained under different conditions in the laboratory of
Kirchgessner and Reichlmayr-Lais, as well as by independent investigators;
additional species should also be examined.

The Commiti.ee emphasized the difference that apparently exists between lead con-
centrations that are of concern from a toxicologic viewpoint (e.g., those associated with
effects of the various types discussed in this chapter) and much lower lead levels that might
possibly be of nutritional value. Hence the Committee did not perceive any practical incom-
patibility between (a) efforts to reduce lead in the human environment to concentrations that
are unassociated with toxic effects and (b) efforts to define the potential nutritional
essentiality of lead. The Committee further recognized that current public health concerns
for humans clearly focus on lead toxicity effects.

Finally, the question of lead essentiality is largely moot in the debate over lead as a
public health issue. The extent of permanent and pervasive lead contamination in developed
areas of the world is such that concern will remain with excessive lead exposure and asso-
ciated toxicity in human populations. It is virtually inconceivable that lead deficiency in
human populations would ever arise in the first place.

12.2 SUBCELLULAR EFFECTS OF LEAD IN HUMANS AND EXPERIMENTAL ANIMALS
The biochemical or molecular basis for lead toxicity is the ability of the toxicant, as

a metallic cation, to bind to ligating groups in biomolecular substances crucial to normal
physiological functions, thereby interfering with these functions via such mechanisms as
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competition with native essential metals for binding sites, inhibition of enzyme activity, and
inhibition or other alterations of essential ion transport. The relationship of this basis
for lead toxicity to organ- and organelle-specific effects is modulated by the following:
(1) the inherent stability of such binding sites for lead; (2) the compartmentalization
kinetics governing lead distribution among body compartments, among tissues, and within cells;
and (3) differences in biochemical and physiological organization across tissues and cells due
to their specific function. Given complexities introduced by factors 2 and 3, it is not sur-
prising that no single, unifying mechanism of lead toxicity has been demonstrated to apply
across all tissues and organ systems.

In the 1977 Air Quality Criteria Document for Lead, cellular and subcellular effects of
lead were discussed, including effects on various classes of enzymes. Much of the literature
detailing the effects of lead on enzymes per s_e has entailed study of relatively pure enzymes
i_n vitro in the presence of added lead. This was the case for data discussed in the earlier
document and such information continues to appear in the literature. Much of this material is
of questionable relevance for effects of lead in vivo. On the other hand, lead effects on
certain enzymes or enzyme systems are recognized as integral mechanisms of action underlying
the impact of lead on tissues j_n vivo and are logically discussed in later sections below on
effects at the organ system level.

This subsection is mainly concerned with organellar effects of lead, especially those
that provide sojpe rationale for lead toxicity at higher levels of biological organization.
While a common mechanism at the subcellular level that would account for all aspects of lead
toxicity has not been identified, one fairly common cellular response to lead is the impair-
ment of mitochondrial structure and function; thus, mitochondrion effects are accorded major
attention here. Lead effects on other organelles have not been as extensively studied as
mitochondrion effects; in some cases, it is not clear how the available information, e.g.,
that on lead-containing nuclear inclusion bodies, relates to organellar dysfunction.

12.2.1 Effects of Lead on the Mitochondrion
The mitochondrion is clearly the target organelle for toxic effects of lead on many tis-

sues, the characteristics of vulnerability varying somewhat with cell type. Given early re-
cognition of this sensitivity, it is not surprising that an extensive body of in vivo and in
vitro data has accumulated, which can be characterized as evidence of the following: (1)
structural injury to the mitochondrion; (2) impairment of basic cellular energetics and other
mitochondrial functions; and (3) uptake of lead by mitochondria j_n vivo and in vitro.
12.2.1.1 Lead Effects on Mitochondrial Structure. Changes in mitochondrial morphology with
lead exposure have been well documented in humans and experimental animals and, in the case of
the kidney, are a rather early response to such exposure. Earlier studies have been reviewed
by Goyer and Rhyne (1973), followed by later updates by Fowler (1978) and Bull (1980).
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Chronic oral exposure of adult rats to lead (1 percent lead acetate in diet) results in
structural changes in renal tubule mitochondria, including swelling with distortion or loss of
cristae (Goyer, 1968). Such changes have also been documented in renal biopsy tissue of lead
workers (Wedeen et al., 1975; Biagini et al., 1977) and in tissues other than kidney, i.e.,
heart (Malpass et al., 1971; Moore et al., 1975b), liver (Hoffmann et al., 1972), and the cen-
tral (Press, 1977) and peripheral (Brashear et al., 1978) nervous systems.

While it appears that relatively high-level lead exposures are necessary to detect struc-
tural changes in mitochondria in some animal models (Goyer, 1968; Hoffmann et al. , 1972),
changes in rat heart mitochondria have been seen at blood lead levels as low as 42 ug/dl.
Also, in the study of Fowler et al. (1980), swollen mitochondria in renal tubule cells were
seen in rats chronically exposed to lead from gestation to 9 months of age at a dietary lead
dosing level as low as 50 ppm and a median blood lead level of 26 ug/dl (range: 15-41 ug/dl).
Taken collectively, these differences point out relative tissue sensitivity, dosing protocol,
relative sensitivity of the various experimental techniques, and the possible effect of
developmental status (Fowler et al., 1980) as important factors in determining lead exposure
levels at which mitochondria are affected in various tissues.
12.2.1.2 Lead Effects on Mitochondria! Function. Both j_n vivo and i_n vitro studies dealing
with such effects of lead as the impact on energy metabolism, intermediary metabolism, and
intracellular ion transport have been carried out in various experimental animal models. Of'
particular interest for this section are such effects of lead in the developing versus the
adult animal, given the greater sensitivity of the young organism to lead.
12.2.1.3 In Vivo Studies. Uncoupled energy metabolism, inhibited cellular respiration using
succinate and nicotinamide adenine dinucleotide (NAO)-linked substrates, and altered kinetics
of intracellular calcium have all been documented for animals exposed to lead i_n vivo, as
reviewed by Bull (1980).

Adult rat kidney mitochondria, following chronic oral feeding of lead in the diet (1 per-
cent lead acetate, 10 or more weeks) showed a marked sensitivity of the pyruvate-NAD reductase
system (Goyer, 1971), as indicated by impairment of pyruvate-dependent respiration indexed by
ADP/0 ratio and respiratory control rates (RCRs). Succinate-mediated respiration in these
animals, however, was not different from controls. In contrast, Fowler et al. (1980) found in
rats exposed j_n utero (dams fed 50 or 250 ppm lead) and for 9 months postnatal ly (50 or 250
ppm lead in their diet) renal tubule mitochondria that exhibited decreased state 3 respiration
and RCRs for both succinate and pyruvate/malate substrates. This may have been due to longer
exposure to lead or a differential effect of lead exposure during early development.

Intraperitoneal administration of lead to adult rats at doses as low as 12 mg/kg over 14
days was associated with inhibition of potassium-stimulated respiration in cerebral cortex
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slices with impairment of NADPH (NAD phosphate, reduced) oxidation using glucose, but not
pyruvate, as substrate (Bull et al., 1975). This effect occurred at a corresponding blood
lead of 72 ug/dl and a brain lead content of 0.4 ug/g, values below those associated with
overt neurotoxicity. Bull (1977), in a later study, demonstrated that the respiratory re-
sponse of cerebral cortical tissue from lead-dosed rats receiving a total of 60 mg/kg (10
mg/kg x 6 dosings) over 14 days was associated with a marked decrease in turnover of intra-
cellular calcium in a cellular compartment that appears to be the mitochondrion. This is
consistent with the observation of Bouldin et al. (1975) that lead treatment leads to in-
creased retention of calcium in guinea pig brain.

Numerous studies have evaluated relative effects of lead on mitochonodria of developing
versus adult animals, particularly in the nervous system. Holtzman and Shen Hsu (1976) ex-
posed rat pups at 14 days of age to lead via milk of mothers fed lead in the diet (4 percent
lead carbonate) with exposure lasting for 14 days. A 40 percent increase in state 4 respira-
tory rate of cerebellar mitochonodria was seen within one day of treatment and was lost at the
end of the exposure period. However, at this later time (28 days of age), a substantial inhi-
bition of state 3 respiration was observed. This early effect of lead on uncoupling oxidative
phosphorylation is consistent with the results of Bull et al. (1979) and McCauley et al.
(1979) In these investigations, female rats received lead in drinking water (200 ppm) from
14 days before .breeding through weaning of the pups. At 15 days of age, cerebra-1 cortical
slices showed alteration of potassium-stimulated respiratory response and glucose uptake.

Holtzman et al. (1980a) compared mitochondrial respiration in cerebellum and cerebrum in
rat pups exposed to lead beginning at 14 days of age (via milk of mothers fed 4 percent lead
carbonate) and in adult rats maintained on the same diet. Cerebellar mitochondria showed a
very early loss (by 2 days of exposure) of respiratory control in the pups with inhibition of
pho^phorylation-coupled respiration for NAD-linked substrates but not for succinate. Such
change;; were less pronounced in mitochondria of the cerebrum and were not seen for either
brain region in the adult rat. This regional-and age-dependency of mitochondrial impairment
parallels features of lead encephalopathy.

In i second study addressing this issue, Holtzman et al. (1981) measured the cytochrome
consents of cerebral and cerebellar mitochondria from rat pups exposed either from birth or at
14 days of age via the same dosing protocol noted above. These were compared to adult animals
expo ;eri in like fashion. Pups exposed to lead from birth showed statistically significant
reductions of cytochrome b, cytochromes c + clt and cytochromes a + a3 in cerebellum by 4
weeKs of exposure. Changes in cerebral cytochromes, in contrast, were marginal. When lead
exposure began at 14 days of age, little effect was observed, and adult rats showed little
change. This study indicates that the most vulnerable period for lead effects on developing
brain oxidative metabolism is the same period where a major burst in such activity begins.
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Related to effects of lead on energy metabolism in the developing animal mitochondrion is
the effect on brain development. In the study of Bull et al. (1979) noted earlier, cerebral
cytochrome c + cx levels between 10 and 15 days of age decreased in a dose-dependent fashion
at all maternal dosing levels (5-100 mg Pb/liter drinking water) and corresponding blood lead
values for the rat pups (11.7-35.7 ug/dl). Delays in synaptic development in these pups also
occurred, as indexed by synaptic counts taken in the parietal cortex. As the authors con-
cluded, uncoupling of energy metabolism appears to be causally related to delays in cerebral
cortical development.

Consistent with the effects of lead on mitochondria! structure and function are i_n vivo
data demonstrating the selective accumulation of lead in mitochondria. Studies in rats using
radioisotopic tracers 210Pb (Castellino and Aloj, 1969) and 203Pb (Barltrop et al., 1971)
demonstrate that mitochondria will accumulate lead in significant relative amounts, the nature
of the accumulation seeming to vary with the dosing protocol. Sabbioni and Marafante (1976)
as well as Murakami and Hirosawa (1973) also found that lead is selectively lodged in mito-
chondria. Of interest in regard to the effects of lead on brain mitochondria are the data of
Moore et al. (1975a) showing uptake of lead by guinea pig cerebral mitochondria, and the re-
sults of Krigman et al. (1974c) demonstrating that mitochondria in brain from 6-month-old rats
exposed chronically to lead since birth showed the highest uptake of lead (34 percent), fol-
lowed by the nuclear fraction (31 percent). While the possibility of translocation of lead
during subcellular fractionation can be raised, the distribution pattern seen in the reports
of Barltrop et al. (1971) and Castellino and Aloj (1969) over multiple time points makes this
unlikely. Also, findings of j_n vivo uptake of lead in brain mitochondria are supported by in
vitro data discussed below.
12.2.1.4 In Vitro Studies. l£i vitro studies of both the response of mitochondrial function
to lead and its accumulation by the organelle have been reported, using both isolated mito-
chondria and tissues. Bull (1980) reviewed such data published up to 1979.

Significant reductions in mitochondria! respiration, using both NAD-1 inked and succinate
substrates, have been reported for isolated heart and brain mitochondria. The lowest levels
of lead associated with such effects appear to be 5 uM or, in some cases, less. Available
evidence suggests that the sensitive site for lead in isolated mitochondria is before cyto-
chrome b in the oxidative chain and involves either tricarboxylic acid enzymes or non-heme
protein/ubiquinone steps. If substrate specificity is compared, e.g., succinate versus glut-
amate/malate oxidation, there appear to be organ-specific differences. As Bull (1980) noted,
tissue-specific effects of lead on cellular energetics may be one basis for differences in
toxicity across organs. Also, several enzymes involved in intermediary metabolism in isolated
mitochondria have been observed to undergo significant inhibition of activity in the presence
of lead; these have been tabulated by Bull (1980).

12-7



One focus of studies dealing with lead effects on isolated mitochondria has been ion
transport—particularly that of calcium. Scott et al. (1971) have shown that lead movement
into rat heart mitochondria involves active transport, with characteristics similar to those
of calcium, thereby establishing a competitive relationship. Similarly, lead uptake into
brain mitochondria is also energy-dependent (Holtzman et al., 1977; Goldstein et al., 1977).
The recent elegant studies of Pounds and coworkers (Pounds et al., 1982a,b), using labeled
calcium or lead and desaturation kinetic studies of these labels in isolated rat hepatocytes,
have elucidated the intracellular relationship of lead to calcium in terms of cellular com-
partmentalization. In the presence of graded amounts of lead (10, 50, or 100 uM), the kinetic
analysis of desaturation curves of 45Ca label showed a lead dose-dependent increase in the
size of all three calcium compartments within the hepatocyte, particularly that deep compart-
ment associated with the mitochondrion (Pounds et al., 1982a). Such changes were seen to be
relatively independent of serum calcium or endogenous regulators of systemic calcium metab-
olism. Similarly, the use of 210Pb label and analogous kinetic analysis (Pounds et al.,
1982b) showed the same three compartments of intracellular distribution as noted for calcium,
including the deep component A: redundant. Hence, there is striking overlap in the cellular
metabolism of calcium and lead. These studies not only further confirm easy entry of lead
into cells and cellular compartments, but also provide a basis for perturbation by lead of
intracellular ion transport, particularly in neural cell mitochondria, where there is a high
capability for calcium transport. Such capability is approximately 20-fold higher than in
heart mitochondria (Nicholls, 1978).

Given the above observations, it is not surprising that a number of investigators have
noted the i_n vitro uptake of lead into isolated mitochondria. Walton (1973) noted that lead
is accumulated within isolated rat liver mitochondria over the range of 0.2-100 uM lead;
Walton and Buckley (1977) extended this observation to mitochondria in rat kidney cells in
culture Electron microprobe analyses of isolated rat synaptosomes (Silbergeld et al. , 1977)
and capillaries (Silbergeld et al., 1980b) incubated with lead ion have established that sig-
nificant accumulation of lead, along with calcium, occurs in the mitochondrion. These obser-
vations are consistent with the kinetic studies of Pounds et al. (1982a,b), and the j_n vitro
data for isolated capillaries are in accord with the observations of Toews et al. (1978), who
found significant lead accumulation in brain capillaries of the suckling rat.

12.^.2 Effects of Lead on the Nucleus
With lead exposure, a cellular reaction typical of many species (including humans) is the

formation of intranuclear lead-containing inclusion bodies, early data for which have been
summarized by Goyer and Moore (1974). In brief, these lead-bearing inclusion bodies A:
(I) have have been verified as to lead content by X-ray microanalysis (Carroll et al., 1970);
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(2) consist of a rather dense core encapsulated by a fibrillary envelope; (3) are a complex
of lead and the acid fractions of nuclear protein; (4) can be disaggregated j_n vitro by EDTA;
(5) can appear very rapidly after lead exposure (Choie et al., 1975); (6) consist of a pro-
tein moiety in the complex which is synthesized de novo; and (7) have been postulated to
serve a protective role in the cell, given the relative amounts of lead accumulated and pre-
sumably rendered toxicologically inert.

Based on renal biopsy studies, Cramer et al. (1974) concluded that such inclusion body
formation in renal tubule cells in lead workers is an early response to lead entering the kid-
ney, in view of decreased presence of the inclusion bodies as a function of increased period
of employment. Schumann et al. (1980), however, observed a continued exfoliation of inclu-
sion-bearing tubule cells into urine of workers having a variable employment history.

Any protective role played by the lead inclusion body appears to be an imperfect one, to
the extent that both subcellular organelle injury and lead uptake occur simultaneously with
such inclusion formation, often in association with severe toxicity at the organ system level.
For example, Osheroff et al. (1982) observed lead inclusion bodies in the anterior horn cells
of the cervical spinal cord and neurons of the substantia nigra (as well as in renal tubule
cells) in the adult rhesus monkey, along with damage to the vascular walls and glial processes
and ependymal cell degeneration. At the light- and electron-microscope level, there were no
signs of neuron?! damage or altered morphology except for the inclusions. As noted by the
authors, these inclusions in the large neurons of the substantia nigra show that the neuron
will take up and accumulate lead. In the study of Fowler et al. (1980), renal tubule inclu-
sions were observed simultaneously with evidence of structural and functional damage to the
mitochondrion, all at relatively low levels of lead. Hence, it appears that a limited pro-
tective role for these inclusions may extend across a range of lead exposure.

Chromosomal effects and other indices of genotoxicity in humans and animals are discussed
in Section 12.7 of this chapter.

12.2.3 Effects of Lead on Membranes
In theory, the cell membrane is the first organelle to encounter lead, and it is not sur-

prising that cellular effects can be ascribed to interactions at cellular and intracellular
membranes, mainly appearing to be associated with ion transport processes across membranes.
In Section 12.3 a more detailed discussion is accorded the effects of lead on the membrane as
they relate to the erythrocyte in terms of increased cell fragility and increased osmotic re-
sistance. These effects can be rationalized, in large part, by the documented inhibition by
lead of erythrocyte membrane (Na , K )-ATPase.

Lead also appears to interfere with the normal processes of calcium transport across mem-
branes of various tissue types. Silbergeld and Adler (1978) have described lead-induced
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retardation of the release of the neurotransmitter, acetylcholine, in peripheral cholinergic
synaptosomes, due to a blockade of calcium binding to the synaptosomal membrane, reducing
calcium-dependent choline uptake and subsequent release of acetylcholine from the nerve ter-
minal. Calcium efflux from neurons is mediated by the membrane (Na , K )-ATPase via an ex-
change process with sodium. Inhibition of the enzyme by lead, as also occurs with the
erythroctye (see above), increases the concentration of calcium within nerve endings (Goddard
and Robinson, 1976). As seen from the data of Pounds et al. (1982a), lead can also elicit
retention of calcium in neural cells by easy entry into the cell and by directly affecting the
deep calcium compartment within the cell, of which the mitochondrion is a major component.

12.2.4 Other Organellar Effects of Lead
Studies of morphological alterations of renal tubule cells in the rat (Chang et al.,

1981) and rabbit (Spit et al., 1981) with varying lead treatments have demonstrated lead--
induced lysosomal changes. In the rabbit, with relatively modest levels of lead exposure
(0.25 or 0.5 mg/kg, 3 times weekly over 14 weeks) and corresponding blood lead values of 50
and 60 ug/dl, there was a dose-dependent increase in the amount of lysosomes in proximal con-
voluted tubule cells, as well as increased numbers of lysosomal inclusions. In the rat, expo-
sure to 10 mg/kg i.v. (daily over 4 weeks) resulted in the accumulation of lysosomes, some
gigantic, in the pars recta segment of renal tubules. These animal data are consistent with
observations made in lead workers (Cramer et al., 1974; Wedeen et al., 1975) and appear to
represent a disturbance in normal lysosomal function, with the accumulation of lysosomes being
due to enhanced degradation of proteins arising from effects of lead elsewhere within the
cell.

12.2.5 Summary of Subcellular Effects of Lead
The biological basis of lead toxicity is closely linked to the ability of lead to bind to

ligating groups in biomolecular substances crucial to normal physiological functions. This
binding interferes with physiological processes by such mechanisms as the following: compe-
tition with native essential metals for binding sites, inhibition of enzyme activity, and in-
hibition or other changes in essential ion transport.

The main target organelle for lead toxicity in a variety of cell and tissue types clearly
is the mitochondrion, followed probably by cellular and intracellular membranes. Mitochon-
dria! effects take the form of structural changes and marked disturbances in mitochondrial
function within the cell, especially energy metabolism and ion transport. These effects are
.associated, in turn, with demonstrable accumulation of lead in mitochondria, both jj] vivo and
J_n v itro. Structural changes include mitochondrial swelling in many cell types, as well as
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distortion and loss of cristae, which occur at relatively moderate levels of lead exposure.
Similar changes have been documented in lead workers across a wide range of exposure levels.

Uncoupled energy metabolism, inhibited cellular respiration using both succinate and ni-
cotinamide adenine dinucleotide (NAD)-linked substrates, and altered kinetics of intracellular
calcium have been demonstrated in vivo using mitochondria of brain and non-neural tissue. In
some cases, relatively moderate lead exposure levels have been associated with such changes,
and several studies have documented the relatively greater sensitivity of this organelle in
young versus adult animals in terms of mitochondrial respiration. The cerebellum appears to
be particularly sensitive, providing a connection between mitochondrial impairment and lead
encephalopathy. Impairment by lead of mitochondrial function in the developing brain has also
been associated with delayed brain development, as indexed by content of various cytochromes.
In the rat pup, ongoing lead exposure from birth is required for this effect to be expressed,
indicating that such exposure must occur before, and is inhibitory to, the burst of oxidative
metabolism activity that normally occurs in the young rat 10-21 days postnatally.

In vivo lead exposure of adult rats has also been observed to markedly inhibit cerebral
cortex intracellular calcium turnover (in a cellular compartment that appears to be the mito-
chondrion) at a brain lead level of 0.4 ppm. These results are consistent with a separate
study showing increased retention of calcium in the brains of lead-dosed guinea pigs. A
number of reporl^ have described the jjn vivo accumulation of lead in mitochondria of kidney,
liver, spleen, and brain tissue, with one study showing that such uptake was slightly more
than occurred in the nucleus. These data are not only consistent with the various deleterious
effects of lead on mitochondria but are also supported by other, in vitro findings.

Significant decreases in mitochondrial respiration i_n vitro, using both NAD-1 inked and
succinate substrates, have been observed for brain and non-neural tissue mitochondria in the
presence of lead at micromolar levels. There appears to be substrate specificity in the inhi-
bition of respiration across different tissues, which may be a factor in differential organ
toxicity. Also, a number of enzymes involved in intermediary metabolism in isolated mitochon-
dria have been observed to undergo significant inhibition of activity with lead.

A major focus of research on lead effects on isolated mitochondria has concerned ion
(especially calcium) transport. Lead movement into brain and other tissue mitochondria, as
does calcium movement, involves active transport. Recent sophisticated kinetic analyses of
desaturation curves for radiolabeled lead or calcium indicate that there is striking overlap
in the cellular metabolism of calcium and lead. These studies not only establish a basis for
easy entry of lead into cells and cell compartments, but also provide a basis for impairment
by lead of intracellular ion transport, particularly in neural cell mitochondria, where the
capacity for calcium transport is 20-fold higher than even in heart mitochondria.

12-11



Lead is also selectively taken up in isolated mitochondria in vitro, including the mito-
chondria of synaptosomes and brain capillaries. Given the diverse and extensive evidence of
lead's impairment of mitochondrial structure and function as viewed from a subcellular level,
it is not surprising that these derangements are logically held to be the basis of dysfunction
of heme biosynthesis, erythropoiesis, and the central nervous system. Several key enzymes in
the heme biosynthetic pathway are intramitochondrial, particularly ferrochelatase. Hence, it
is to be expected that entry of lead into mitochondria will impair overall heme biosynthesis,
and in fact this appears to be the case in the developing cerebellum. Furthermore, the levels
of lead exposure associated with entry of lead into mitochondria and expression of mitochon-
drial injury can be relatively moderate.

Lead exposure provokes a typical cellular reaction in human and other species that has
been morphologically characterized as a lead-containing nuclear inclusion body. Although it
has been postulated that such inclusions constitute a cellular protection mechanism, such a
mechanism is an imperfect one. Other organelles, e.g., the mitochondrion, also take up lead
and sustain injury in the presence of nuclear inclusion bodies. Chromosomal effects and other
indices of genotoxicity in humans and animals are considered later, in Section 12.7.

In theory, the cell membrane is the first organelle to encounter lead and it is not sur-
prising that cellular effects of lead can be ascribed to interactions at cellular and intra-
cellular membraries in the form of disturbed ion transport. The inhibition of membrane
(Na ,K )-ATPase of erythrocytes as a factor in lead-impaired erythropoiesis is noted else-
where. Lead also appears to interfere with the normal processes of calcium transport across
membranes of different tissues. In peripheral cholinergic synaptosomes, lead is associated
with retarded release of acetylcholine owing to a blockade of calcium binding to the membrane,
while calcium accumulation within nerve endings can be ascribed to inhibition of membrane
(Na+,K"l")-ATPase.

Lysosomes accumulate in renal proximal convoluted tubule cells of rats and rabbits given
lead over j wide range of dosing. This also appears to occur in the kidneys of lead workers
and seems to represent a disturbance in normal lysosomal function, with the accumulation of
lysosumes being due to enhanced degradation of proteins because of the effects of lead else-
where within the cell.

Insofar as effects of lead on the activity of various enzymes are concerned, many of the
available studies concern in vitro behavior of relatively pure enzymes with marginal relevance
to vinous effects j_n vivo. On the other hand, certain enzymes are basic to the effects of
lead at the organ or organ system level, and discussion is best reserved for such effects in
ensuing sections of the document dealing with these systems.
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12.3 EFFECTS OF LEAD ON HEME BIOSYNTHESIS AND ERYTHROPOIESIS/ERYTHROCYTE PHYSIOLOGY IN HUMANS
AND ANIMALS

Lead has well-recognized effects not only on heme biosynthesis, a crucial process common
to many organ systems, but also on the formation and physiology of erythrocytes. This section
is therefore divided for purposes of discussion into the following: (1) effects of lead on
heme biosynthesis including discussion of interrelationships between heme biosynthesis im-
pairment and (a) interference with vitamin-D metabolism and (b) certain neurotoxic effects of
lead; and (2) effects of lead on erythropoiesis and erythrocyte physiology. Discussion of the
latter is further subdivided into effects of lead on hemoglobin production, cell morphology
and survival, and erythropoietic nucleotide metabolism.

12.3.1 Effects of Lead on Heme Biosynthesis
The effects of lead on heme biosynthesis are very well known because of their prominence

and the large number of studies of these effects in humans and experimental animals. In addi-
tion to being a constituent of hemoglobin, heme is a prosthetic group of a number of tissue
hemoproteins having diverse functions, such as myoglobin, the P-450 component of the mixed-
function oxidase system, and the cytochromes of cellular energetics. Hence, any effects of
lead on heme biosynthesis will, perforce, pose the potential for multi-organ toxicity.

At present,-much of the available information concerning the effects of lead on heme bio-
synthesis has been obtained by measurements in blood, due in large part to the relative ease
of access to blood and in part to the fact that blood is the vehicle for movement of metabo-
lites from other organ systems. On the other hand, a number of reports have been concerned
with lead effects on heme biosynthesis in tissues such as kidney, liver, and brain. In the
discussion below, various steps in the heme biosynthetic pathway affected by lead are discus-
sed separately, with information describing erythropoietic effects usually appearing first,
followed by studies involving other tissues.

The process of heme biosynthesis results in formation of a porphyrin, protoporphyrin IX,
starting with glycine and succinyl-coenzyme A. Heme biosynthesis culminates with the inser-
tion of iron at the center of the porphyrin ring. As may be noted in Figure 12-1, lead inter-
feres with heme biosynthesis by disturbing the activity of three major enzymes: (1) it in-
directly stimulates, by feedback derepression, the mitochondrial enzyme delta-aminolevulinic
acid synthetase (ALA-S), which mediates the condensation of glycine and succinyl-coenzyme A to
form delta-aminolevulinic acid (ALA); (2) it directly inhibits the cytosolic enzyme delta-
aminolevulinic acid dehydrase (ALA-D), which catalyzes the cyclocondensation of two units of
ALA to porphobilinogen; (3) it disturbs the mitochondrial enzyme ferrochelatase, found in
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Figure 12-1. Effects of lead (Pb) on heme biosynthesis.

liver, bone marrow, and other tissues, either by direct inhibition or by alteration of intra-
•nitochondrial transport of iron. Ferrochelatase catalyzes the insertion of iron (II) into the
arotoporphyrin ring to form heme and is situated in mammals in the inner mitochondrial mem-
brane (McKay et al., 1969).
12.3.1.1 Effects of Lead on Delta-Aminolevulinic Acid Synthetase. The activity of the enzyme
ALA-S is the rate-limiting step in the heme biosynthetic pathway. With decreased heme forma-
tion at other steps downstream or with increased heme oxygenase activity, a compensatory in-
crease of ALA-S activity occurs through feedback derepression and enhances the rate of heme
formation. Hence, excess ALA formation is due to both stimulation of ALA-S and direct inhibi-
tion of ALA-0 (see below).

Increased ALA-S activity has been reported in lead workers (Takaku et al., 1973; Campbell
et a l . , 1977; Meredith et al., 1978), with leukocyte ALA-S reported to be stimulated at a
olood lead value of 40 ug/dl (Meredith et al., 1978), a level at which ALA-0 activity is sig-
nificantly inhibited. To the extent that mitochondria in leukocytes show a dose-effect rela-
tionship comparable to the bone marrow and hepatic systems, it appears that most of the excess
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ALA formation below the observed threshold value is due to ALA-D inhibition. From the
authors' data, blood ALA had increased about twofold in a subset of the worker population over
the blood lead range of 18-40 ug/dl.

I_n vitro and j_n vivo experimental data have provided organ-specific results in terms of
the direction of the effect of lead on ALA-S activity. Silbergeld et al. (1982) observed that
ALA-S activity was increased in kidney with acute lead exposure in rats, while chronic treat-
ment was associated with increased activity of the enzyme in spleen. In liver, however, ALA-S
activity was reduced under both acute and chronic dosing. Fowler et al. (1980) reported that
renal ALA-S activity was significantly reduced in rats continuously exposed to lead j_n utero,
through development, and up to 9 months of age. Meredith and Moore (1979) noted a steady in-
crease in hepatic ALA-S activity when rats were given lead parenterally over an extended
period of time. Maxwell and Meyer (1976) and Goldberg et al. (1978) also noted increased
ALA-S activity in rats given lead parenterally. It appears that the type and timeframe of
dosing influence the observed effect of lead on the enzyme activity. Using a rat liver cell
line (RLC-GAI) in culture, Kusell et al. (1978) demonstrated that lead could produce a time-
dependent increase in ALA-S activity. Stimulation of activity was observed at lead levels as

- 6 .5
low as 5 x 10 M, with maximal stimulation at 1 x 10 M. The authors reported that the
increase in activity was associated with the biosynthesis of more enzyme rather than with
stimulation of the pre-existing enzyme. Lead-stimulated ALA-S formation was also not limited
to liver cells; rat gliomas and mouse neuroblastomas showed similar results.
12.3.1.2 Effects of Lead on Delta-Ami no!evulinic Acid Dehydrase and Delta-Aminolevulinic Acid
Accumulation/Excretion. Delta-aminolevulinic acid dehydrase (5-aminolevulinate hydrolase;
porphobilinogen synthetase; E.G. 4.2.1.24; ALA-D) is a sulfhydryl, zinc-requiring allosteric
enzyme in the heme biosynthetic pathway that catalyzes the conversion of two units of ALA to
porphobilinogen. The enzyme's activity is very sensitive to inhibition by lead, but the inhi-
bition is reversed by reactivation of the sulfhydryl group with agents such as dithiothreitol
(Granick et al. , 1973), zinc (Flnelli et al. , 1975), or zinc plus glutathione (Mitchell et
al., 1977).

The activity of ALA-0 appears to be inhibited at virtually all blood lead levels studied
so far, and any threshold for this effect remains to be identified (see discussion below).
Dresner et al. (1982) found that ALA-0 activity in rat bone marrow suspensions was signifi-
cantly inhibited to 35 percent of control levels in the presence of 5 x 10 M (0.5 uM) lead.
This potency was unmatched on a comparative molar basis by any other metal tested. Recently,
Fujita et al. (1981) showed evidence of an increase in the amount of ALA-D in erythrocytes in
lead-exposed rats that was ascribed to an increased rate of ALA-D synthesis in bone marrow
cells. Hence, the commonly observed net inhibition of activity occurs even in the face of an
increase in ALA-D synthesis.
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Hernberg and Nikkanen (1970) found that enzyme activity was correlated inversely with
blood lead values in a group of urban, nonexposed subjects. Enzyme activity was inhibited 50
percent at a blood lead level of 16 ug/dl. Other reports have confirmed these observations
across age groups and exposure categories (Alessio et al., 1976b; Roels et al., 1975b; Nieburg
et al., 1974; Wada et al., 1973). A ratio of activated to inhibited enzyme activity (versus a
single activity measurement, which does not accommodate intersubject genetic variability) mea-
sured against children's blood lead values of 20-90 ug/dl was employed by Granick et al.
(1973) to obtain an estimated threshold of 15 ug/dl for an effect of lead. On the other hand,
Hernberg and Nikkanen (1970) observed no threshold in their subjects, all of whom were at or
below 16 ug/dl. Note that the lowest blood lead actually measured by Granick et al. (1973)
was higher than the values measured by Hernberg and Nikkanen (1970).

Kuhnert et al. (1977) reported that ALA-D activity measures in erythrocytes from both
pregnant women and cord blood of infants at delivery are inversely correlated with the cor-
responding blood lead values, using the activated/inhibited activity ratio method of Granick
et al. (1973). The correlation coefficient of activity with lead level was higher in fetal
erythrocytes (r = -0.58, p <0.01) than in the mothers (r = -0.43, p <0.01). The mean inhi-
bition level was 28 percent in mothers versus 12 percent in the newborn. A study by Lauwerys
et al. (1978) in 100 pairs of pregnant women and infant cord blood samples confirms this
observation, i.e., for fetal blood r = 0.67 (p <0.001) and for maternal blood r = -0.56
(p <0.001).

While several factors other than lead may affect the activity of erythrocyte ALA-D, much
of the available information suggests that most of these factors do not materially compromise
the interpretation of the relationship between enzyme activity and lead or the use of this
relationship for screening purposes. Border et al. (1976) questioned the reliability of ALA-D
activity measurement in subjects concurrently exposed to lead and zinc because zinc also
affects the activity of the enzyme. The data of Meredith and Moore (1980) refute this objec-
tion. In unexposed subjects who had serum zinc values of 80-120 uM, there was only a minor
activating effect with increasing zinc when contrasted to the correlation of activity and
blood lead in these same subjects. In workers exposed to both lead and zinc, serum zinc
values were greater than in subjects with just lead exposure, but the mean level of enzyme ac-
tivity was still much lower than in controls (p <0.001).

The preceding discussion indicates that neither variability within the normal range of
physiological zinc in humans nor combined excessive zinc and lead exposure in workers materi-
ally affects ALA-0 activity. The obverse of this, lead exposure in the presence of zinc defi-
ciency, is probably a more significant issue, but one that has not been well studied. Since
ALA-0 is a zinc-requiring enzyme, one would expect that optimal activity would be governed by
in vivo zinc availability. Thus, zinc deficiency could potentially have a dual deleterious
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effect on ALA-D activity: first, a direct reduction in ALA-D activity through reduced zinc
availability, and second, an indirect and further inhibition of ALA-D activity because of
enhanced lead absorption in the presence of zinc deficiency (see Chapter 10, Section 10.5).

The recent study of Roth and Kirchgessner (1981) indicates that ALA-D activity is signi-
ficantly decreased in the presence of zinc deficiency. In zinc-deficient rats showing reduced
serum and urinary zinc levels, the level of erythrocyte ALA-D activity was only 50 percent
that of pair-fed controls, while urinary ALA was significantly elevated. Although these in-
vestigators did not measure blood lead in deficient and control animal groups, it would appear
that the level of inhibition is more than can be accounted for just on the basis of increased
lead absorption from the diet. Given the available information documenting zinc deficiency in
children (Section 10.5) as well as the animal study of Roth and Kirchgessner (1981), the rela-
tionship of lead, zinc deficiency, and ALA-D activity in young children merits further, care-
ful study.

Moore and Meredith (1979) noted the effects of carbon monoxide on the activity of ALA-0,
comparing moderate or heavy smokers with nonsmokers. At the highest level of carboxyhemoglo-
bin measured in their smoker groups, the depression of ALA-D activity was 2.1 percent. In
these subjects, a significant inverse correlation of ALA-D activity and blood lead existed,
but there was no significant correlation of such activity and blood carboxyhemoglobin levels.

While blood ethanol has been reported to affect ALA-D activity (Moore et al., 1971;
Abdulla et al.,̂ .976), its effect is significant only under conditions of acute alcohol intox-
ication. Hence, relevance of this observation to screening is limited, particularly in
children. The effect is reversible, declining with clearing of alcohol from the blood stream.

Lead-induced inhibition of ALA-D activity in erythrocytes apparently reflects a similar
effect in other tissues. Secchi et al. (1974) observed a clear correlation in 26 lead workers
between hepatic and erythrocyte ALA-D activity as well as the expected inverse correlation
between such activity and blood lead in the range of 12-56 ug/dl. In suckling rats, Mi liar
et al. (1970) noted decreased enzyme activity in brain and liver as well as erythrocytes when
lead was administered orally. In the study of Reels et al. (1977), tissue ALA-D changes were
not observed when dams were administered 1, 10, or 100 ppm lead in drinking water. However,
the data of Roels et al. (1977) may reflect a lower effective dose taken in by the dams and
delivered to the rat pups in maternal milk, because the pups showed no tissue enzyme activity
changes. Silbergeld et al. (1982) described moderate inhibition of ALA-D activity in brain
and significant inhibition in kidney, liver, and spleen when adult rats were acutely exposed
to lead given intraperitoneally; chronic exposure was associated with reduced activity in
kidney, liver, and spleen. Gerber et al. (1978) found that neonatal mice exposed to lead from
birth through 17 days of age at a level of 1.0 mg/ml in water showed significant decreases in
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brain ALA-D activity (p <0.01) at all time points studied. These results support the data of
Millar et al. (1970) for the suckling rat. In the study by Millar et al., rats exposed from
birth through adulthood only showed significant decreases of brain ALA-D activity at 15 and 30
days; this finding also supports other data for the developing rodent. It would appear,
therefore, that brain ALA-0 activity is more sensitive to lead in the developing animal than
in the adult.

The study of Dieter and Finley (1979) sheds light on the relative sensitivity of ALA-D
activity in several regions of the brain and permits comparison of blood versus brain ALA-D
activity as a function of lead level. Mallard ducks given a single pellet of lead showed 1
ppm lead in blood, 2.5 ppm lead in liver, and 0.5 ppm lead in brain by 4 weeks. Cerebellar
ALA-D activity was reduced by 50 percent at a lead level below 0.5 ppm; erythrocyte enzyme
activity was lowered by 75 percent. Hepatic ALA-D activity was comparable to cerebellar acti-
vity or somewhat less, although the lead level in the liver was fivefold higher. Cerebellar
ALA-D activity was significantly below that for cerebrum. In an avian species, then, at blood
lead levels at which erythrocyte ALA-D activity was significantly depressed, activity of the
enzyme in cerebellum was even more affected relative to lead concentration.

The inhibition of ALA-D is reflected by increased levels of its substrate, ALA, in urine
(Haeger, 1957) as well as in whole blood or plasma (O'Flaherty et al., 1980; Meredith et al.,
1978; MacGee et-al., 1977; Chisolm, 1968; Haeger-Aronsen, 1960). Cramer et al. (1974) demon-

j
strated that ALA clearance into urine parallels glomerular filtration rate across a range of
lead exposures, suggesting that increased urinary output with increasing circulating ALA is
associated with decreased tubular reabsorption (Moore et al. , 1980). Based on their measure-
ments ~>f plasma and urinary ALA across a range of blood lead in adults, O'Flaherty et al.
(1980) calculated a mean fractional reabsorption of 40 percent for ALA. Tubular secretion
al,o occurs. Reabsorption appears to be saturable. In rats, fractional reabsorption was much
:iigh>er. 90-99 percent.

The detailed study of Meredith et al. (1978), which involved both control subjects and
,ead workers, indicated that in elevated lead exposure the increase in urinary ALA is preceded
by a significant rise in circulating levels of ALA. The overall relationship of plasma ALA to
blood lead was exponential and showed a perceptible continuity of the correlation even down to
the lowest blood lead value of the control group, 18 ug/dl. The relationship of plasma ALA to
urinary levels of the precursor was found to be exponential, indicating that as plasma ALA
increases, a greater proportion of ALA undergoes excretion into urine. Inspection of the plot
of urinary versus plasma ALA in these subjects shows that the correlation persists down to the
plasma ALA concentration corresponding to the lowest blood lead level, 18 (jg/dl. These
results are contradicted by those of O'Flaherty et al. (1980), who showed no correlation of
blood lead with plasma ALA below a value of 40 |jg/dl. A key factor in these contradictory
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studies is the method of ALA measurement. Meredith et al. derived their data from a colori-
metric technique that measures ALA as well as other aminoketones, while such aminoketones are
not detected in the gas-liquid chromatography method used by O'Flaherty et al. Although the
measurements of O'Flaherty et al. are generally more specific for ALA in plasma than any
colorimetric technique, their validity at low plasma ALA levels remains to be established in
the field (see Chapter 9). The blood (plasma) ALA values reported by Meredith et al. were
generally higher than those measured by O'Flaherty et al. and appeared to be high in terms of
ALA renal clearance rates. ALA is, however the only aminoketone studied so far that corre-
lates with lead directly. Aminoacetone, also measured in the Meredith et al. study, is a
metabolite of an amino acid and is not known to be affected by lead exposure. Thus, notwith-
standing a positive bias in absolute ALA values, the relative changes in ALA would appear to
provide the most plausible basis for the observed correlation with blood lead levels as low as
18 ug/dl in the study by Meredith et al.

Urinary ALA has been employed extensively as an indicator of excessive lead exposure,
particularly in occupational settings (e.g., Davis et al., 1968; Selander and Cramer, 1970;
Alessio et al., 1976a). The reliability of this test in initial screening of children for
lead exposure has been questioned by Specter et al. (1971) and Blanksma et al. (1969), who
pointed out the failure of urinary ALA analysis to detect lead exposure when compared with
blood lead values. This is due to the fact that an individual subject will show a wide vari-
ation in urinary ALA with random sampling. Chisolm et al. (1976) showed that reliable levels
could only be obtained with 24-hr collections. In children with blood lead levels above
40 ug/dl, the relationship of ALA in urine to blood lead becomes similar to that observed in
lead workers (see below).

A correlation exists between blood lead and the logarithm of urinary ALA in workers
(Meredith et al. , 1978; Alessio et al., 1976a; Roels et al., 1975a; Wada et al., 1973;
Selander and Cramer, 1970) and in children (National Academy of Sciences, 1972). Selander and
Cramer (1970) reported that two different correlation curves were obtained, one for individ-
uals below 40 ug/dl blood lead and a different one for values above this, although the degree
of correlation was less than with the entire group. A similar observation has been reported
by Lauwerys et al. (1974) from a study of 167 workers with blood lead levels of 10-75 pg/dl.

Meredith et al. (1978) found that the correlation curve for blood ALA versus urinary ALA
was linear below a blood lead of 40 ug/dl, as was the relationship of blood ALA to blood lead.
Hence, there was also a linear relationship between blood lead and urinary ALA below 40 ug/dl,
i.e., a continuation of the correlation below the commonly accepted threshold blood lead value
of 40 ug/dl (see below). Tsuchiya et al. (1978) have questioned the relevance of using single
correlation curves to describe the blood lead-urinary ALA relationship across a broad range of
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exposure, because they found that this relationship in workers showing moderate, intermediate,
and high lead exposure could be described by three correlation curves with different slopes.
This finding is consistent with the observations of Selander and Cramer (1970) as well as the
results of Meredith et al. (1978) and Lauwerys et al. (1974). Chisolm et al. (1976) described
an exponential correlation between blood lead and urinary ALA in children 5 years old or
younger, with blood lead levels ranging from 25 to 75 ug/dl. The upward slope in the regres-
sion line appears to be most pronounced at a blood lead level of about 40 ug/dl, but the
correlation may persist below this level. In adolescents with blood lead below 40 ug/dl, no
clear correlation was observed.

It is apparent from the above reports (Tsuchiya et al., 1978; Meredith et al., 1978;
Selander and Cramer, 1970) that circulating ALA and urinary ALA levels are elevated and corre-
lated at blood lead values below 40 ug/dl in humans. These findings are consistent, as shown
in the Meredith et al. (1978) study, with the significant and steady increase in ALA-0 inhibi-
tion concomitant with rising blood levels of ALA, even at blood lead values considerably below
40 ug/dl. Increases of ALA in tissues of experimental animals exposed to lead have also been
documented. In the study of Silbergeld et al. (1982), acute administration of lead at a
rather high dose to adult rats was associated with an elevation in spleen and kidney ALA com-
pared to that of controls, while in chronic exposure there was a moderate increase in ALA in
the brain and a. large increase (9-fold to 15-fold) in kidney and spleen. Liver levels with
either form of exposure were not materially affected, although there was inhibition of liver
ALA-D, particularly in the acute dose group.
12.3.1.3 Effects of Lead on Heme Formation from Protoporphyrin. The accumulation of proto-
porphyrin in the erythrocytes of individuals with lead intoxication has been recognized since
the 1930s (Van den Bergh and Grotepass, 1933), but it has only recently been possible to study
this effect through the development of sensitive and specific analytical techniques that per-
mit quantitative measurement. In particular, the development of laboratory microtechniques
and the hematofluorometer has allowed the determination of dose-effect relationships as well
as the use of such measurements to screen for lead exposure.

In humans under normal circumstances, about 95 percent of the protoporphyrin in cir-
culating erythrocytes is zinc protoporphyrin (ZPP), with the remaining 5 percent present as
"free" protoporphyrin (Chisolm and Brown, 1979). Accumulation of protoporphyrin IX in the
erythrocytes is the result of impaired iron (II) placement in the porphyrin moiety to form
heme. an intramitochondrial process. In lead exposure, the porphyrin acquires a zinc ion in
!ieu of the native iron; the resulting ZPP is tightly bound in the available heme pockets for
the l i f e of the erythrocyte, about 120 days (Lamola et al., 1975a,b). Hammond and coworkers
(1985) recently observed that in a group of young children aged 3-36 months (n = 165) the
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fraction of ZPP versus total erythrocyte protoporphyrin (EP) varied with age; it was at a min-
imum at 3 months and approached unity at 33 months. The basis for the age-related instability
of this ratio may be either a biological factor or an artifact of analytical methodology. A
plausible biological basis is that zinc bioavailability and zinc nutritional status (subopti-
mal in the early age groups) determine the extent of zinc placement in EP. The significance
of these observations for EP screening of very young children has been noted in Chapter 9.

In lead poisoning, the accumulation of protoporphyrin differs from that seen in the gene-
tically transmitted disorder erythropoietic protoporphyria. In the latter case, there is a
defect in ferrochelatase function, i.e., enzyme function is only 10-25 percent of normal
(Bloomer, 1980), leading to loose attachment of the porphyrin, accumulated without uptake of
zinc, on the surface of the hemoglobin. Loose attachment permits diffusion into plasma and
ultimately into the skin, where photosensitivity is induced. This behavior is absent in
lead-associated porphyrin accumulation. The two forms of porphyrin, free and zinc-containing,
differ sufficiently in fluorescence spectra to permit a laboratory distinction. With iron
deficiency, there is also accumulation of protoporphyrin as the zinc complex in the heme
pocket; this resembles in large measure the characteristics of lead intoxication.

The elevation of erythrocyte ZPP has been extensively documented as exponentially corre-
lated with blood lead in children (Piomelli et al., 1973; Kammholz et al., 1972; Sassa et al.,
1973; Lamola et-al., 1975a,b; Roels et al., 1976) and in adult workers (Valentine et al. ,
1982; Lilis et al., 1978; Grandjean and Lintrup, 1978; Alessio et al., 1976b; Roels et al.,
1975a, 1979; Lamola et al., 1975a,b). Reigart and Graber (1976) and Levi et al. (1976) have
demonstrated that ZPP elevation can predict which children tend to increase their blood lead
levels, a circumstance that probably rests on the nature of chronic lead exposure in certain
groups of young children where a pulsatile blood lead curve is superimposed on some level of
ongoing intake of lead that continues to elevate the ZPP values.

Accumulation of ZPP only occurs in erythrocytes formed during lead's presence in erythro-
poietic tissue. This results in a lag of several weeks before the fraction of new ZPP-rich
cells is large enough to influence total cell ZPP level. On the other hand, elevated ZPP in
erythrocytes long after significant lead exposure has ceased appears to be a better indicator
of resorption of stored lead in bone than other measurements. Alessio et al. (1976b) reported
that former lead workers removed from exposure at the workplace for more than 12 months in all
cases still showed the typical logarithmic correlation between ZPP and blood or urinary lead.
However, the best correlation was observed between ZPP and chelatable lead, that fraction of
the total body burden considered toxicologically active (see Chapter 10). This post-exposure
relationship for adults clearly indicates that significant levels of hematologically toxic
lead continue to circulate long after exposure to lead has ceased.
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In a report relevant to the problem of multiple-indicator measurements in the assessment
of the degree of lead exposure, Hesley and Wimbish (1981) studied changes in blood lead and
ZPP in two groups: newly exposed lead workers and those removed from significant exposure.
In new workers, blood lead achieved a plateau at 9-10 weeks, while ZPP continued to rise over
the entire study interval of 24 weeks. Among workers removed from exposure, both blood lead
and ZPP values remained elevated up to the end of this study period (33 weeks), but the
decline in ZPP concentration lagged behind blood lead in reaching a plateau. These investiga-
tors logically concluded that the difficulty in demonstrating reliable blood lead-ZPP rela-
tionships may reflect differences in the time at which the two measures reach plateau. The
authors also suggested that more reliance should therefore be placed on ZPP than on blood lead
levels before permitting re-entry into areas of elevated lead exposure.

The threshold for the effect of lead on ZPP accumulation is affected by the relative
spread of blood lead values and the corresponding concentrations of ZPP. In many cases these
range from "normal" levels in nonexposed subjects to values reflecting considerable exposure.
Furthermore, iron deficiency is also associated with ZPP elevation, particularly in children
2-3 years old or younger.

For EP elevation in adults, Roels et al. (1975b) found that the relationship of this
effect to blood lead ended at 25-30 ug/dl, confirmed by the log-transformed data of Joselow
and Flores (1977), Grandjean and Lintrup (1978), Odone et al. (1979), and Herber (1980). In
children 10-15 years of age, the data of Roels et al. (1976) indicate an effect threshold of
15.5 ug/dl. In this study the threshold was taken as the point of intersection of two re-
gression lines derived from two groups of children. The population dose-response relationship
between EP and blood lead in these children indicated that EP levels were significantly higher
(>2 standard deviations) than the reference mean in 50 percent of the children at a blood lead
level of 25 pg/dl. In the age range of children studied here, iron deficiency is uncommon and
these investigators did not note any significant hematocrit change in the exposure group. In
fact, hematocrit was lower in the control group, although these subjects had lower ZPP levels.
In this study, then, iron deficiency was unlikely to have been a confounding factor in the
primary relationship. Piomelli et al. (1977) obtained a comparable threshold value (15.5
Mg/dl) for lead's effect on ZPP elevation in children who were older than 4 years as well as
those who were 2-4 years old. If iron deficiency was a factor in the results for this large
study population (1816 children), one would expect a greater impact in the younger group,
where the deficiency is more common.

Within the blood lead range considered '"normal," i.e., below 30-40 ug/dl, assessment of
any ZPP-blood lead relationship is strongly influenced by the relative analytical proficiency
of the laboratory carrying out both measurements, particularly for blood lead at lower values.
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The type of statistical treatment of the data is also a factor, as are some biological sources
of variability. With respect to subject variability, Grandjean (1979) has documented that ZPP
increases throughout adulthood, while hemoglobin remains relatively constant. Hence, age
matching is a prerequisite. Similarly, the relative degree of ZPP response depends on gender:
females show a greater response for a given blood lead level than do males (see discussion
below).

Suga et al. (1981) claimed no apparent correlation between blood lead levels below
40 ug/dl and blood ZPP content in an adult population of 395 male and female subjects. The
values for males and females were combined because of no measured differences in ZPP response,
which is at odds with the studies of Stuik (1974), Roels et al. (1975b), Zielhuis et al.
(1978a,b), Odone et al. (1979), and Tonunri and Kawai (1981). Also, EP was found to increase
with increasing age, despite the fact that the finding of no correlation between blood lead
and ZPP was based on a study population with all age groups combined.

Piomelli et al. (1982) investigated both the threshold for the effect of lead on EP ac-
cumulation and a dose-response relationship in 2004 children, 1852 of whom had blood lead
values below 30 ug/dl. In this study, blood lead and EP measurements were done in facilities
with a high proficiency for both blood lead and ZPP analyses. The study employed two statis-
tical approaches (segments1 line techniques and probit analysis), both of which revealed an
average threshoU) blood lead level of 16.5 ug/dl in the full group and in the children with
blood lead values below 30 ug/dl. In this report, the effect of iron deficiency and other
non-lead factors was tested and removed using the Abbott formula (Abbott, 1925). With respect
to population dose-response relationships, it was found that blood lead values of 28.6 and
35.2 ug/dl corresponded to significant EP elevation of more than 1 or 2 standard deviations,
respectively, above a reference mean in 50 percent of the subjects. At a blood lead level of
30 ug/dl, furthermore, it was determined that 27 percent of children would have an EP greater
than 53 ug/dl.

In a related study (Rabinowitz et al., 1986), simultaneous blood lead, ZPP, and hemato-
crit measurements were made semiannually on 232 normal infants during their first two years of
life. The incidence of elevated ZPP (mean + 1 or 2 S.D.) was unrelated to blood lead below 15
ug/dl but was 4-fold greater above this threshold. The relationship persisted after correc-
tion for the small number (4 percent) of infants with a hematocrit below 33 percent. This
survey extends the observations of Piomelli et al. (1982) to a younger and less lead-burdened
population.

Comparison of EP elevations among adult males and females and children at a given blood
lead level generally indicates that children and adult females are more sensitive to this ef-
fect of lead. Lamola et al. (1975a,b) demonstrated that the slope of ZPP versus blood lead
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was steeper in children than in adults. Roels et al. (1976) found that women and children
were equally more sensitive in response than adult males, a finding also observed in the popu-
lation studied by Odone et al. (1979). Other comparisons between adults, either as groups
studied at random or in a voluntary lead exposure study, also document the sensitivity of
females over males to this effect of lead (Stuik, 1974; Roels et al. , 1975b, 1976, 1979;
Toriumi and Kawai, 1981). The heightened response of females to lead-associated EP elevation
has also been investigated in rats (Roels et al., 1978a) and has been shown to be related to
hormonal interactions with lead, thus confirming the human data of Roels et al. (1975b, 1976,
1979) that iron status is not a factor in the phenomenon.

The effect of lead on iron incorporation into protoporphyrin in the hente biosynthetic
pathway is not restricted to the erythropoietic system. Evidence of a generalized effect of
lead on tissue heme synthesis at low levels of lead exposure comes from the recent studies of
Rosen and coworkers (Rosen et al., 1980, 1981; Mahaffey et al., 1982) concerning lead-asso-
ciated reductions in 1,25-dihydroxyvitamin 0 (1,25-(OH)2D) (see Section 12.3.5). Such re-
ductions probably occur because lead has an inhibitory effect on renal 1-hydroxylase, a heme-
requiring cytochrome P-450 mediated mitochondrial enzyme system that converts 25-hydroxy-
vitamin D to 1,25-(OH)2D. In an independent study, it has been shown in animals chronically
exposed to moderate amounts of lead that kidney ferrochelatase activity is inhibited with
elevation of EP-, reducing the kidney heme pool for heme-requiring enzymes (Fowler et al.,
1980). The low end of the blood lead range associated with lowered 1,25-(OH)20 levels and
inhibited 1-hydroxylase activity corresponds to the level of lead associated with the onset of
EP accumulation in erythropoietic tissue (see above). Sensitivity of renal mitochondrial
1-hydroxylase activity to lead is consistent with a large body of information showing the
susceptibility of renal tubule cell mitochondria to injury by lead and with the chronic lead
exposure animal model of Fowler et al. (1980), discussed in more detail below.

Formation of the heme-containing protein cytochrome P-450, which is an integral part of
the hepatic mixed-function oxygenase system, has been documented in animals (Alvares et al.,
1972; Scoppa et al., 1973; Chow and Cornish, 1978; Goldberg et al., 1978; Meredith and Moore,
1979) and humans (Alvares et al., 1975; Meredith et al., 1977; Fischbein et al. , 1977; Saenger
et al., L984) as being affected by lead exposure, particularly acute lead intoxication. Many
of these studies used altered drug detoxification rates as a functional measure of such
effects. In the work of Goldberg et al. (1978), increasing the level of lead exposure in rats
was correlated with both a steadily decreasing P-450 content of hepatic microsomes and decre-
ased activity of the detoxifying enzymes aniline hydroxylase and aminopyrine demethylase.
Similarly, the data of Meredith and Moore (1979) showed that continued dosing of rats with
lead results in steadily decreased microsomal P-450 content, decreased total heme content of
microsomes, and increased ALA-S activity.
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Recently, Saenger and coworkers (1984) demonstrated that there was significantly reduced
6p-hydroxylation of cortisol in children having a positive ethylenediaminetetraacetic acid
(EDTA) provocation test compared to a negative test group, under conditions of age matching
and controlling for free cortisol. Because 6p-hydroxycortisol formation is mediated by
hepatic cytochrome P-450 microsomal monooxygenase, lead appears to inhibit this syste* at
relatively moderate levels of lead exposure in children.

According to Litman and Correia (1983), treatment of rats with either the organic
porphyrinic agent 3,5-dicarbethoxy-2,6-dimethyl-4-ethyl-l,4-dihydropyridine (DDEP) or in-
organic lead is associated with an inhibition of the hepatic enzyme system tryptophan
pyrrolase, owing to depletion of the hepatic heme pool and resulting in elevated levels of
tryptophan, serotonin, and 5-hydroxyindoleacetic acid in the brain. With infusion of heme,
however, brain levels were restored to normal. These studies were carried out with
phenobarbital induction of the enzyme system. The behavior of lead alone was not
investigated.

Of interest in this regard are data relating to neural tissue. Studies of organotypic
chick dorsal root ganglion in culture document that the nervous system has heme biosynthetic
capability (Whetsell et al., 1978) and that this cell system elaborates decreased amounts of
porphyrinic material in the presence of lead (Sassa et al., 1979). In a later investigation,
Whetsell and coworkers (Whetsell and Kappas, 1981; Whetsell et al., 1984) reported that mouse
dorsal root ganglion in culture exposed to lead for 6 weeks at 10 M (2 pg Pb/ml medium)
showed progressive severe destruction of myelin and Schwann cells as well as alterations in

_4
axonal and neuronal ultrastructure. Because the co-administration of heme (10 M) prevented
most of these destructive effects, particularly in Schwann cells, axons, and neurons, there is
an indication of a relationship between inhibition by lead of heme biosynthesis in neural tis-
sue and the morphological changes observed.

Chronic administration of lead to neonatal rats indicates that at low levels of exposure,
with modest elevations of blood lead, there is a retarded growth in the respiratory chain
hemoprotein cytochrome C and disturbed electron transport function in the developing rat cere-
bral cortex (Bull et al., 1979). The study of Holtzman et al. (1981) indicates that the cyto-
chrome group affected and the brain region affected appear to differ with the age of the young
animal at the start of dosing and the duration of dosing. All measured changes involved
reduction at the p <0.05 level. Young rats fed lead from birth for 3 weeks showed reduction
in cytochrome aa3 of cerebral mitochondria, while feeding for 4 weeks showed reduction in all
cerebellar mitochondrial cytochromes. When feeding commenced at 2 weeks, the range of effects
also depended on duration of exposure, with reduction of cytochrome b in cerebral mitochondria
after one week, reduction in cytochrome c + cl in cerebral mitochondria after 2 weeks, and
cerebellar cytochrome c + ct reduction after two weeks. These effects on the developing
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organism are accentuated by increased whole body lead retention in both developing children
and experimental animals as well as by higher retention of lead in the brain of suckling rats
as compared to adults.

Heme oxygenase activity is elevated in lead-intoxicated animals (Maines and Kappas, 1976;
Meredith and Moore, 1979) in which relatively high dosing is employed. This indicates that
normal repression of the enzyme's activity is lost, further adding to heme reduction and loss
of regulatory control on the heme biosynthetic pathway.

The mechanism(s) underlying derangement of heme biosynthesis leading to ZPP accumulation
in lead intoxication can be ascribed to impaired mitochondrial transport of iron, ferrochela-
tase inhibition, or a combination of both. Lead-induced effects on mitochondrial morphology
and function, which are well known (Goyer and Rhyne, 1973; Fowler, 1978), may include impaired
iron transport (Borova et al. , 1973). Moreover, the resemblance of lead-associated ZPP accu-
mulation to a similar effect of iron deficiency is consistent with the unavailability of iron
to ferrochelatase rather than with direct enzyme inhibition. However, the porphyrin pattern
seen in the congenital disorder erythropoietic porphyria, where ferrochelatase itself is af-
fected, is different from that seen in lead intoxication.

Several animal studies indicate that the effects of lead on heme formation may involve
both ferrochelatase inhibition and impaired mitochondrial transport of iron. Hart et al.
(1980) observed, that acute lead exposure in rabbits is associated with a two-stage hema-
topoietic response: an earlier phase that results in significant formation of free versus
zinc protoporphyrin with considerable hemolysis and a later phase (where ZPP is formed) that
otherwise resembles the common features of lead intoxication. Subacute exposure shows more of
the typical porphyrin response reported with lead. These data may suggest that acute lead
poisoning is quite different from chronic exposure in terms of the nature of hematological
derangement.

Fowler et al. (1980) maintained rats on a regimen of oral lead, starting with exposure of
their dams to lead in water and continuing through 9 months after birth at levels up to
250 ppm lead. The authors observed that the activity of kidney mitochondrial ALA-S and ferro-
chelatase, but not that of the cytosolic enzyme ALA-D, was inhibited. Ferrochelatase activity
was inhibited at 25-, 50-, and 250-ppm exposure levels; activity was 63 percent of the control
values at the 250-ppm level. Depression of state-3 respiration control ratios was observed
for both succinate and pyruvate. Ultrastructurally, the mitochondria were swollen and lyso-
somes were rich in iron. In this study, reduced ferrochelatase activity was observed in
association with mitochondrial injury and disturbance of function. The accumulation of iron
may have been the result of phagocytized dead mitochondria or it may have represented intra-
cellular accumulation of iron, owing to the inability of mitochondria to use the element.
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Ibrahim et al. (1979) have shown that excess intracellular iron under conditions of iron over-
load is stored in cytoplasmic lysosomes. The observation of disturbed mitochondria! respira-
tion suggests, as do the mitocnondrial function data of Holtzman and Shen Hsu (1976) and Bull
et al. (1979) for the developing nervous system, that intramitochondrial transport of iron
would be impaired. Flatmark and Romslo (1975) demonstrated that iron transport in mitochondria
is energy linked and requires an intact respiration chain at the level of cytochrome C, by
which iron (III) on the C-side of the mitochondria! inner membrane is reduced before it is
transported to the M-side and utilized in heme formation.

The above results are particularly interesting in terms of the relative responses of dif-
ferent tissues. While the kidney was affected, there was no change in blood indices of hema-
tological derangement in terms of inhibited ALA-D activity or accumulation of ZPP. This
suggests that there is a difference in dose-effect functions among different tissues, particu-
larly with lead exposure during development of the organism. It appears that while blood
indicators of erythropoietic effects of lead may be more accessible, they may not be the most
sensitive indicators of heme biosynthesis derangement in other organs.
12.3.1.4 Effects of Lead on Coproporphyrin. An increased excretion of coproporphyrin in the
urine of lead workers and children with lead poisoning has long been recognized, and urinary
coproporphyrin measurement has been used as an indicator of lead poisoning. The mechanism of
this enhanced production of coproporphyrin may be direct enzyme inhibition, accumulation of
substrate secondary to inhibition of heme formation, or impaired intramitochondrial movement
of the coproporphyrin. Excess coproporphyrin excretion differs from EP accumulation as an
indicator of lead exposure. The former is a measure of ongoing lead intoxication without the
lag in response seen with EP (Piomelli and Graziano, 1980).

In experimental lead intoxication, there is an accumulation of porphobilinogen and eleva-
ted excretion in urine, owing to inhibition by lead of the enzyme uroporphyrinogen (URO)-I-
synthetase (Piper and Tephly, 1974). ^n vitro studies of Piper and Tephly (1974) using rat
and human erythrocyte' and liver preparations indicate that it is the erythrocyte enzyme
URO-I-synthetase in both rats and humans that is sensitive to the inhibitory effect of lead;
activity of the hepatic enzyme is relatively insensitive. Significant inhibition of the
enzyme's activity occurs at 5 uM lead and virtually total inhibition of activity occurs in
human erythrocyte hemolysates at 10 M. According to Piper and van Lier (1977), the lower
sensitivity of hepatic URO-I-synthetase activity to lead is due to a protective effect
afforded by a pteridine derivative, pteroylpolyglutamate. It appears that the protection does
not occur through lead chelation, since hepatic ALA-D activity was reduced in the presence of
lead. The studies of Piper and Tephly (1974) indicate that it is inhibition of URO-I-
synthetase in erythroid tissue or erythrocytes that accounts for the accumulation of its sub-
strate, porphobilinogen.
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Unlike the case for experimental animals, accumulation of porphobilinogen in plasma and
urine of lead-exposed humans has not been conclusively documented. Absence of porphobilinogen
in urine is a differentiating characteristic in heme biosynthesis disturbance by lead versus
the hepatic porphyrias, acute intermittent porphyrin, and variegate porphyria (Eubanks et
al., 1983).

12.3.2 Effects of Lead on Erythropoiesis and Erythrocyte Physiology
12.3.2.1 Effects of Lead on Hemoglobin Production. Anemia is a manifestation (sometimes an
early one) of chronic lead intoxication. Typically, the anemia is mildly hypochromic and usu-
ally normocytic. It is associated with reticulocytosis, owing to shortened cell survival, and
the irregular presence of basophilic stippling. Its genesis lies in both decreased hemoglobin
production and an increased rate of erythrocyte destruction. Not only is anemia commonly seen
in children with lead poisoning, but it appears to be more severe and frequent among those
with severe lead intoxication (World Health Organization, 1977; National Academy of Sciences,
1972; Lin-Fu, 1973; Betts et al., 1973).

While the anemia associated with lead intoxication in children shows features of iron-
deficiency anemia, there are differences in cases of severe intoxication. These differences
include reticulocytosis, basophilic stippling, and a significantly lower total iron binding
capacity (TIBC).. These latter features suggest that iron-deficiency anemia in young children
is exacerbated By lead. The reverse is also true.

In young children, iron deficiency occurs at a significant rate, based on national
(Mahaffey and Michaelson, 1980) and regional (Owen and Lippman, 1977) surveys, and it is known
to be correlated with increased lead absorption in humans (Yip et al., 1981; Chisolm, 1981;
Watson et al., 1980; Szold, 1974; Watson et al., 1958) and animals (Hamilton, 1978; Barton et
al., 1978; Mahaffey-Six and Goyer, 1972). Hence, prevalent iron deficiency can be seen to
potentiate the effects of lead in reduction of hemoglobin both by increasing lead absorption
and by exacerbating the degree of anemia. Also, in young children, there is a negative corre-
lation between hemoglobin level and blood lead levels (Adebonojo, 1974; Rosen et al. , 1974;
Betts et al., 1973; Pueschel et al., 1972). These studies generally involved children under 6
years of age in whom iron deficiency may have been a factor.

In adults, a negative correlation was observed in several studies at blood lead values
usually below 80 ug/dl (Grandjean, 1979; Lilis et al., 1978; Roels et al., 1975a; Wada et
al. , 1973), while several studies did not report any relationship below 80 ug/dl (Valentine et
al., 1982; Roels et al., 1979; Ramirez-Cervantes et al. , 1978). In adults, iron deficiency
would be expected to play less of a role in this relationship; L i l i s et al. (1978) reported
that the significant correlation between lead in blood and hemoglobin level was observed in
workers in whom serum iron and TIBC were indistinguishable from controls.
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The blood lead threshold for effects on hemoglobin has not been conclusively estab-
lished. In children, this value appears to be about 40 ug/dl (World Health Organization,
1977), which is somewhat lower than in adults (Adebonojo, 1974; Rosen et al., 1974; Betts et
al., 1973; Pueschel et al., 1972). Tola et al. (1973) observed no effect of lead on new work-
ers until the blood lead had risen to a value of 50 ug/dl after about 100 days. The regres-
sion analysis data of Grandjean (1979), Lilis et al. (1978), and Wada et al. (1973) show
persistence of the negative correlation of hemoglobin and blood lead below 50 ug/dl. Human
population dose-response data for the lead-hemoglobin relationship are limited. Baker et al.
(1979) calculated the following percentages of lead workers having a hemoglobin level of
<14.0 g/dl blood at the specified blood lead concentrations: 5 percent at blood lead
values of 40-59 ug/dl; 14 percent at blood lead values of 60-79 ug/dl; and 36 percent at blood
lead values above 80 ug/dl. In 202 lead workers, Grandjean (1979) noted the following per-
centages of workers having a hemoglobin level below 14.4 g/dl at the specified blood lead
concentrations: 17 percent at <25 ug/dl; 26 percent at 25-60 ug/dl; and 45 percent at >60
ug/dl.

The underlying mechanisms of lead-associated anemia appear to be a combination of reduced
hemoglobin production and shortened erythrocyte survival because of direct cell damage. Under
hemoglobin production, biosynthesis of globin, the protein moiety of hemoglobin, appears to be
inhibited as a result of lead exposure (Dresner et al., 1982; Wada et al., 1972; White and
Harvey, 1972; Kassenaar et al., 1957). In the study of White and Harvey (1972), two children
treated for lead intoxication were studied for reticulocyte incorporation of a labeled amino
acid into alpha and beta globin chains over a post-treatment period when blood lead was
declining. These workers observed that a lag in de novo biosynthesis of alpha versus beta
chains diminished toward a normal ratio (1.0) as blood lead approached 20 ug/dl. These data
are in accord with the observation of Dresner et al. (1982), who noted a reduced globin syn-
thesis (76 percent of controls) in rat bone marrow suspensions exposed to 1.0 uM lead.

Disturbance of globin biosynthesis is a consequence of lead's effects on heme formation
because cellular heme regulates protein synthesis in erythroid cells (Levere and Granick,
1967) and regulates the translation of globin messenger RNA, which may also reflect the effect
of lead on pyrimidine metabolism (Freedman and Rosman, 1976).
12.3.2.2 Effects of Lead on Erythrocyte Morphology and Survival. It is clear that there is a
hemolytic component to lead-induced anemia in humans owing to shortened erythrocyte survival;

•v

the various aspects of this effect have been reviewed by Waldron (1966), Goldberg (1968),
Moore et al. (1980), Valentine and Paglia (1980), and Angle and Mclntire (1982).

The relevant studies of shortened cell life with lead intoxication include observations
of the response of erythrocytes to mechanical and osmotic stress under i_n vivo and j_n vitro
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conditions. Waldron (1966) has discussed the frequent reports of increased mechanical fragil-
ity of erythrocytes from lead-poisoned workers, beginning with the observations of Aub et al.
(1926). Increased osmotic resistance of erythrocytes from subjects with lead intoxication is
a parallel finding, both j_n vivo (Aub and Rezm'koff, 1924; Harris and Greenberg, 1954;
Horiguchi et a!., 1974) and _in vitro (Qazi et al., 1972; Waldron, 1964; Clarkson and Kench,
1956). Using an apparatus called a coil planet centrifuge, Karai et al. (1981) studied eryth-
rocytes of lead workers and found significant increases in osmotic resistance; at the same
time, mean corpuscular volume and reticulocyte counts were not different from controls. The
authors suggested that one mechanism of increased resistance involves impairment of hepatic
lecithin-cholesterol acyltransferase, leading to a build-up of cholesterol in the cell mem-
brane. This resembles the increased osmotic resistance seen in obstructive jaundice in which
increased membrane cholesterol has been observed (Cooper et al., 1975). Karai et al. (1981)
also reported an increased cholesterol-phospholipid ratio in lead workers' erythrocytes.

Fukumoto and coworkers (1983) studied the electrophoretic profiles of erythrocyte mem-
brane oroteins of a group of lead workers and found that compared to controls there was a
significant negative correlation (r = -0.51, p <0.01) between blood lead and a membrane trans-
fer protein associated with Na and water transport. It appears that one factor in reduced
erythrocyte membrane permeability with lead exposure is a decrease in this protein.

Erythrokinetic data in lead workers and children with lead-associated anemia have been
reported. Shortening of erythrocyte survival has been demonstrated by Hernberg et al. (1967a)
using tritium-labeled difluorophosphonate. Berk et al. (1970) used detailed isotope studies
of a subject with severe lead intoxication to determine shorter erythrocyte life span, while
Leikin ^nd Eng (1963) observed shortened cell survival in three of seven children. These
studies, as well as the reports of Landaw et al. (1973), White and Harvey (1972), Albahary
(1972). and Dagg et al. (1965), indicate that hemolysis is not the exclusive mechanism of ane-
mia and that diminished erythrocyte production also plays a role.

The molecular basis for increased cell destruction with lead exposure includes the inhi-
bition by ledd of the activities of the enzymes (Na , K )-ATPase and pyrimidine-5'-nucleoti-
dase (Py-f>-N). Erythrocyte membrane (Na , K )-ATPase is a sulfhydryl enzyme and inhibition of
its .ictivity by lead has been well documented (Raghavan et al., 1981; Secchi et al., 1968;
Hasan e» . i l . , 1967; Hernberg et al., 1967b). In the study of Raghavan et al. (1981), enzyme
^cti'. ;t.y '.vas inversely correlated with membrane lead content (p <0.001) in lead workers with
or wit.iioiit symptoms of overt lead toxicity, while correlation with whole blood lead was poor.
With en/yme inhibition, there is irreversible loss of potassium ion from the cell with undis-
turbed iiiput of sodium into the cell, resulting in a relative increase in sodium. Because the
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cells "shrink," there is a net increase in sodium concentration, which likely results in in-
creased mechanical fragility and cell lysis (Moore et a!., 1980).

In lead-exposed persons as well as in persons with a genetic deficiency of the enzyme
Py-5-N, reduced activity leads to impaired phosphorolysis of the nucleotides cytidine and
uridine phosphate, which are then retained in the cell and cause interference with the conser-
vation of the purine nucleotides necessary for cellular energetics (Angle and Mclntire, 1982;
Valentine and Paglia, 1980). A more detailed discussion of lead's interaction with this
enzyme is presented in Section 12.3.2.3.

In a series of experiments dealing with the hemolytic relationship of lead and vitamin E
deficiency in animals, Levander et al. (1980) observed that lead exposure exacerbates the
experimental hemolytic anemia associated with vitamin E deficiency by enhancing mechanical
fragility, i.e., by reducing cell deformability. These workers note that vitamin E deficiency
is seen with children having elevated blood lead levels, especially subjects having glucose-6-
phosphate dehydrogenase (G-6-PD) deficiency, indicating that the synergistic relationship seen
in animals may also exist in humans.

Glutathione is a necessary factor in erythrocyte function and structure. In workers ex-
posed to lead, Roels et al. (1975a) found that there is a moderate but significant decrease in
erythrocyte glutathione compared with controls. This appears to reflect lead-induced impair-
ment of glutathrone synthesis.
12.3.2.3 Effects of Lead on Pyrimidine-5'-Nuc1eotidase Activity and Erythropoietic Pyrimidine
Metabolism. The presence in lead intoxication of basophilic stippling and an anemia of hemo-
lytic nature is similar to what is seen in subjects having a genetically transmitted defi-
ciency of Py-5-N, an enzyme mediating the phosphorolysis of the pyrimidine nucleotides, cyti-
dine and uridine phosphates. With inhibition, these nucleotides accumulate in the erythrocyte
or reticulocyte, ribonuclease-mediated n'bosomal RNA catabolism is retarded in maturing cells,
and the resulting accumulation of aggregates of incompletely degraded ribosomal fragments ac-
counts for the phenomenon of basophilic stippling.

In characterizing the enzyme Py-5-N, Paglia and Valentine (1975) observed that its
activity was particularly sensitive to inhibition by certain metals, particularly lead, promp-
ting further investigation of the interplay between lead intoxication and disturbances of
erythropoietic pyrimidine metabolism. Paglia et al. (1975) observed that in subjects occupa-
tional^ exposed to lead but having no evidence of basophilic stippling or significant fre-
quency of anemia, Py-5-N activity was reduced to about 50 percent of control subjects and was
most impaired (about 11 percent of normal) in one worker with anemia. There was a general
inverse correlation between enzyme activity and blood lead level. In this report, normal
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erythrocytes incubated with varying levels of lead showed detectable inhibition at levels as
low as 0.1-1.0 uM and showed consistent 50 percent inhibition at about 10 uM lead. Subse-
quently, Valentine et al. (1976) observed that an individual with severe lead intoxication had
an 85 percent decrease in Py-5-N activity, basophilic stippling, and accumulation of pyrimi-
dine nucleotides, mainly cytidine triphosphate. Because these parameters approached values
seen in the congenital deficiency of Py-5-N, the data suggest a common etiology for the hemo-
lytic anemia and stippling in both lead poisoning and the congenital disorder.

Several other reports of investigations of Py-5-N activity and pyrimidine nucleotide
levels in lead workers have been published (Paglia et al., 1977; Buc and Kaplan, 1978). In
nine workers having overt lead intoxication and blood lead values of 80-160 ug/dl, Py-5-N
activity was significantly inhibited, and the pyrimidine nucleotides constituted 70-80 percent
of the total nucleotide pool, in contrast to trace levels in unexposed individuals (Paglia
et al., 1977). In the study of Buc and Kaplan (1978), lead workers with or without overt lead
intoxication all showed reduced activity of Py-5-N, which was inversely correlated with blood
lead when the activity was expressed as a ratio with G-6-PD activity to accommodate an en-
hanced population of young cells due to hemolytic anemia. Enzyme inhibition was observed even
when other indicators of lead exposure were negative.

Angle and Mclntire (1978) observed that in 21 children 2-5 years old with bloo'd lead
levels of 7-80 û j/dl there was a negative linear correlation between Py-5-N activity and blood

.3
lead (r = -0.60, p <0.01). Basophilic stippling was only seen in the child with the highest
blood lead value and only two subjects had reticulocytosis. While adults tended to show a
threshold for inhibition of Py-5-N at a blood lead level of 44 ug/dl or higher, there was no
clear response threshold in these children. In a related investigation with 42 children 1-5
years old with blood lead levels of <10-72 ug/dl, Angle et al. (1982) noted the following: (1)
an inverse correlation (r = -0.64, p <0.001) between the logarithm of Py-5-N activity and
blood lead; (2) a positive log-log correlation between cytidine phosphates and blood lead in
15 of these children (r = 0.89, p <0.001); and (3) an inverse relationship in 12 subjects
between the logarithm of enzyme activity and cytidine phosphates (r = -0.796, p <0.001).
Study of the various relationships at low levels was made possible by the use of anion-
exchange high performance liquid chromatography. In these studies, there was no threshold of
effects of lead on enzyme activity or cell nucleotide content even below 10 ug/dl. Finally,
there was a significant positive correlation of pyrimidine nucleotide accumulation and the
accumulation of ZPP.

In subjects undergoing therapeutic chelation with EDTA, Py-5-N activity increased, while
there was no effect on pyrimidine nucleotides (Swanson et al., 1982). This indicates that the
pyHmidine accumulation was associated with the reticulocyte.
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The metabolic significance of Py-5-N activity inhibition and nucleotide accumulation with
lead exposure is that they affect erythrocyte membrane stability and survival by alteration of
cellular energetics (Angle and Mclntire, 1982). In addition to cell lysis, feedback inhibi-
tion of mRNA and protein synthesis may result through the alteration of globin mRNA or globin
chain synthesis by denatured mRNA. It was noted earlier that disturbances in heme production
also affect the translation of globin mRNA (Freedman and Rosman, 1976). Hence, these two
lead-associated disturbances of erythroid tissue function potentiate the effects of each
other.

12.3.3 Effects of Alky! Lead on Heme Synthesis and Erythropoiesis
In the discussion of alkyl lead metabolism in Chapter 10, Section 10.7, it was noted that

transformations of tetraethyl and tetramethyl lead in vivo result in the generation not only
of neurotoxic trialkyl lead metabolites but also products of further dealkylation, including
inorganic lead. One would therefore expect alkyl lead exposure to be associated with, in
addition to other effects, some of those effects classically related to inorganic lead expo-
sure.

Chronic gasoline sniffing has been recognized as a problem habit among children in rural
or remote areas (Boeckx et al., 1977; Kaufman, 1973). When such practice involves leaded gas-
oline, the potential exists for lead intoxication. Boeckx et al. (1977) conducted surveys of
children in remote Canadian communities for the prevalence of gasoline sniffing and indi-
cations of chronic lead exposure. In one group of 43 children who all sniffed gasoline, mean
ALA-D activity was only 30 percent that of control subjects; there was a significant correla-
tion between the decrease in enzyme activity and the frequency of sniffing. A second survey
of 50 children revealed similar results. Two children having acute lead intoxication associ-
ated with gasoline sniffing showed markedly lowered hemoglobin, elevated urinary ALA, and
elevated urinary coproporphyrin. The authors estimated that more than half of the disadvan-
taged children residing in rural or remote areas of Canada may have chronic lead exposure via
this habit; this estimate is consistent with the estimate of Kaufman (1973) of 62 percent for
children in rural American Indian communities in the Southwest.

Robinson (1978) described two cases of pediatric lead poisoning due to habitual gasoline
sniffing, one of which showed basophilic stippling. Hansen and Sharp (1978) reported that a
young adult with acute lead poisioning due to chronic gasoline sniffing not only had basophi-
lic stippling, but a sixfold increase in urinary ALA, elevated urinary coproporphyrin, and an
EP level about fourfold above normal. In the reports of Boeckx et al. (1977) and Robinson
(1978), increased lead levels measured in urine in the course of chelation therapy indicated
that significant amounts of inorganic lead were present.
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12.3.4 The Interrelationship of Lead Effects on Heme Synthesis and the Nervous System
Lead-associated disturbances in heme biosynthesis have been studied as a possible factor

in the neurological effects of lead because of (1) the recognized similarity between classic
signs of lead neurotoxicity and many, but not all, of the neurological components of the gene-
tically transmitted (autosomal dominant) disorder acute intermittent porphyria, and (2) some
unusual aspects of lead neurotoxicity. Both acute porphyria and lead intoxication with neuro-
logical symptoms are variably accompanied by abdominal pain, constipation, vomiting, paralysis
or paresis, demyelination, and psychiatric disturbances (Dagg et al., 1965; Moore et al.,
1980; Silbergeld and Lamon, 1980). According to Angle and Mclntire (1982), some of the
unusual features of lead neurotoxicity are consistent with deranged hematopoiesis: (1) a lag
in production of neurological symptoms; (2) the incongruity of early deficits in affective and
cognitive function with the regional distribution of lead in the brain; and (3) a better
correlation of neurobehavioral deficits with erythrocyte protoporphyrin than with blood lead.
The third feature, it should be noted, is not universally the case (Hammond et al., 1980;
Spivey et al., 1979).

Available evidence points to three specific connections between the heme biosynthetic
pathway and the nervous system in terms of the neurotoxic effects of lead: (1) the potential
neurotoxicity of the heme precursor, ALA; (2) heme deficiency in tissues external to the
nervous system,. notably the liver; and (3) j_n situ impairment of heme availability in the
nervous system.

While the nature and pattern of the derangements in heme biosynthesis in acute porphyria
and lead intoxication differ in many respects, both involve excessive systemic accumulation
and excretion of ALA, and this common feature has stimulated numerous studies of a connection
between hemato- and neurotoxicity. lr\ vitro data (Whetsell et al., 1978) have shown that the
nervous system is capable of heme biosynthesis in the chick dorsal root ganglion. Sassa et
al. (1979) found that the presence of lead in these preparations increases production of por-
phyrinic material, i.e., there is disturbed heme biosynthesis with accumulation of one or more
porphyrins and, possibly, ALA. Millar et al. (1970) reported inhibited brain ALA-D activity
in suckling rats exposed to lead, while Silbergeld et al. (1982) observed similar inhibition
in brains of adult rats acutely exposed to lead. In the latter study, chronic lead exposure
was also associated with a moderate increase in brain ALA without inhibition of ALA-D, sugges-
ting an extra-neural source of the heme precursor. Finally, Dieter and Finley (1979) showed
marked ALA-D activity depression in brain regions of avian subjects. Moore and Meredith
(1976) administered ALA to rats and observed that exogenous ALA can penetrate the blood-brain
barrier. These reports suggest that ALA can either be generated _j_n situ in the nervous system
or can enter the nervous system from elsewhere.
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Neurochemical investigations of ALA action in the nervous system have evaluated interac-
tions with the neurotransmltter gamma-aminobutyric acid (GABA). Interference with GABAergic
function by exposure to lead is compatible with such clinical and experimental signs of lead
neurotoxicity as excitability, hyperactivity, hyperreactivity, and, in severe lead intoxica-
tion, convulsions (Silbergeld and Lamon, 1980). Of particular interest is the similarity in
chemical structures of ALA and GABA; these structures differ only in that ALA has a carbonyl
group on the alpha carbon and GABA has a carbonyl group on the beta carbon.

While chronic lead exposure appears to alter neural pathways involving GABA function
(Silbergeld et al., 1979), this effect cannot be duplicated in vitro using various levels of
lead (Silbergeld et al., 1980a). This suggests that lead does not impart the effect by direct
interaction or that an intact multi-pathway system is required. In vitro studies (Silbergeld
et al., 1980a; Nicoll, 1976) demonstrate that ALA can displace GABA from synaptosomal mem-
branes associated with synaptic function of the neurotransmitter on the GABA receptor, but
that it is less potent than GABA by a factor of 103-104, suggesting that levels of ALA
achieved even with severe intoxication may not be effectively competitive.

A more significant role for ALA in lead neurotoxicity may well be related to the observa-
tion that GABA release is subject to negative feedback control through presynaptic receptors
on GABAergic terminals (Snodgrass, 1978; Mitchell and' Martin, 1978). Brennan and Cantrill
(1979) found that ALA inhibits K -stimulated release of GABA from preloaded synaptosomes by
functioning as an agonist at the presynaptic receptors. The effect is evident at 1.0 uM ALA,
and it is abolished by the GABA antagonists bicuculline and picrotoxin. Of interest also is
the demonstration (Silbergeld et al., 1980a) that synaptosomal release of preloaded 3H-GABA,
both resting and K -stimulated, is also inhibited in animals chronically treated with lead,
paralleling the in vitro data of Brennan and Cantrill (1979) using ALA.

Silbergeld et al. (1982) described the comparative effects of lead and the agent succi-
nylacetone, given acutely or chronically to adult rats, in terms of disturbances in heme syn-
thesis and neurochemical indices. Succinylacetone, a metabolite that can be isolated from the
urine of patients with hereditary tyrosinemia (Lindblad et al., 1977), is a potent inhibitor
of heme synthesis, exerting its effect by ALA-D inhibition and derepression of ALA synthetase
(Tschudy et al., 1980, 1981). In vivo, both agents showed significant inhibition of high
affinity Na -dependent uptake of 14C-GABA by cortex, caudate, and substantia nigra. However,
neither agent affected GABA uptake in vitro. Similarly, both chronic and acute lead treatment
and chronically administered succinylacetone reduced the seizure threshold to the GABA antago-
nist, picrotoxin. While these agents may involve entirely different mechanisms of toxicity to
the GABAergic pathway, the fact remains that two distinct potent inhibitors of the heme bio-
synthetic pathway and ALA-D, which do not impart a common neurochemical effect by direct
action on a neurotransmitter function, have a common neurochemical action in vivo.
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Several important studies in experimental systems strongly indicate that the key factor
in the connection between heme biosynthesis and neurotoxicity may very well be a reduction in
the levels of heme itself, rather than behavior of its precursor, ALA. Badawy (1978) first
described the role of tryptophan pyrrolase in the relationship of heme biosynthesis and
neurotoxic manifestations of the hepatic porphyrias. Using a porphyric rat model, Litman and
Correia (1983) have reported that lead and the porphyrinic agent DDEP are both associated with
inhibition of the hepatic heme-requiring enzyme system, tryptophan pyrrolase, via reduction of
the free hepatic heme pool. This results not only in elevated plasma tryptophan but also in
significantly elevated brain levels of tryptophan, serotonin, and 5-hydroxyindoleacetic acid.
Of particular interest is the effect of subsequent infusion of heme, which reduced the
elevated levels of these substances to normal amounts. Since, as noted by the authors, heme
does not penetrate the blood-brain barrier, heme repletion had its effect in the liver. This
was confirmed by increases in both hepatic heme content and enzyme activity after heme
infusion. These data are relevant to some of the common features of acute porphyria and
disturbances in tryptophan metabolism noted by Litman and Correia (1983):

(1) Elevated tryptophan levels have been associated with human hepatic encephalo-
pathy.

(2) Elevation in circulating tryptophan in rats produces structural alterations of
brain^strocytes, oligodendroglia, and neurons, as well as Purkinje cell degen-
eration and axonal wasting. These neurohistological changes resemble those
seen in victims of acute porphyria attacks.

(3) The pharmacological effects of serotonin in the central nervous system resemble
the neurological manifestations of acute porphyria attacks.

(4) Administration of tryptophan and serotonin to humans yields symptoms greatly
overlapping those of acute porphyria attacks: psychomotor disturbances,
abdominal pain, nausea, and dysuria.

(5) Porphyric subjects show abnormal tryptophan metabolism and urinary excretion of
large amounts of 5-hydroxyindoleacetic acid.

In the above study, phenobarbital induction of the enzyme system was employed. The
behavior of lead alone has not been investigated. In studies related to heme reduction in the
nervous system itself, Whetsell and Kappas (1981) and Whetsell et al. (1984) showed that co-
administration of heme and lead prevented most of the neuropathic responses to lead in cul-
tured mouse dorsal root ganglion seen with lead alone (see Section 12.3.13). These results
strongly suggest that reduced heme levels in the neural tissue due to the presence of lead are
associated with the adverse effects observed. Because this tissue culture system is known to
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carry out heme biosynthesis (Whetsell et al., 1978; Sassa et al., 1979), it is highly likely
that lead impairs neural heme biosynthesis.

Human data relating the hemato- and neurotoxicity of lead are limited. Hammond et al.
(1980) reported that the best correlates of the frequency of neurological symptoms in 28 lead
workers were urinary and plasma ALA, as well as blood lead levels, both of which showed a
higher correlation than EP. These data support a connection between heme biosynthesis
impairment and neurological effects of ALA. Of interest here is the clinical report of Lamon
et al. (1979) describing the effect of hematin [Fe(III)-heme] given parenterally to a subject
with lead intoxication. Over the course of treatment (16 days), urinary coproporphyrin and
ALA significantly dropped and neurological symptoms such as lower extremity numbness and
aching diminished. Blood lead levels were not altered during the treatment. Although
remission of symptoms in this subject may have been spontaneous, the outcome parallels that
observed in hematin treatment of subjects with acute porphyria in similar reduction of heme
indicators and relief of symptoms (Lamon et al., 1979).

Taken collectively, all of the available data suggest the following:

(1) Delta-aminolevulinic acid formed ni situ or entering the brain may well b_e
neurotoxic by impairing GABAergic function in particular. It inhibits K .-
stimulated GABA release by interaction with presynaptic receptors, where ALA
appears to be particularly potent at very low levels (1.0 urn), based on j_n
vitro Results.

(2) Decreased levels of heme in the liver due to lead exposure inhibit the activity
of tryptophan pyrrolase, resulting in elevations of tryptophan, serotonin, and
5-hydroxyindoleacetic acid in brain. Such increases are reversed by infusion
of heme.

(3) Heme reduction in neural tissue, as a result of lead's effect on heme biosyn-
thesis, is associated with tissue injury; such injury is prevented by heme co-
administration.

12.3.5 Interference with Vitamin D Metabolism and Associated Physiological Processes
A new dimension to the human toxicology of lead is presented by lead's interaction with

the vitamin D-endocrine system. Recent evidence of lead-induced disturbances in vitamin D
metabolism in humans and animals, particularly with respect to lead-related reductions in the
biosynthesis of the hormonal metabolite 1,25-dihydroxyvitamin D (1,25-(OH)2D), are of special
concern for two reasons: (1) 1,25-(OH)2D appears to serve many more physiological roles than
just mediation of calcium homeostasis and metabolic function, and (2) even moderate levels of
lead exposure in children are associated with vitamin D disturbances that parallel certain
genetic metabolic disorders and other disease states, as well as severe kidney dysfunction.

It appears likely that lead-induced reductions in heme underlie the effects seen in the
vitamin D-endocrine system. This origin would account for the similarities in "thresholds"
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for the effects of lead on both erythrocyte protoporphyrin accumulation and decreases in
levels of 1,25-(OH)2D. It also typifies a cascade of biological effects among various organ
and physiological systems of the body, effects that can ultimately encompass the entire
organism (this is graphically depicted in Chapter 13). Collectively, the interrelationships
of calcium and lead metabolism as well as lead's effects on 1,25-(OH)20 provide one molecular
and mechanistic basis for the classic observation by Aub et al. (1926) that "lead follows the
calcium stream."

12.3.5.1 Relevant Clinical Studies. As initially reported by Rosen et al. (1980), lead in-
toxicated children with blood lead concentrations of 33-120 ug/dl have a marked reduction in
serum levels of 1,25-(OH)2D. The most striking decrease in circulating 1,25-(OH)2D levels was
found in children whose blood lead levels were greater than 62 ug/dl. Nonetheless, highly
significant and profound depressions in circulating 1,25-(OH)20 levels were found also in
children whose blood lead concentrations ranged from 33 to 55 ug/dl. Children whose blood
lead values were above 62 ug/dl also showed a significant decrease in serum total calcium and
ionized calcium (Ca), while serum parathyroid hormone (PTH) concentrations were significantly
elevated. Under these conditions, and in the face of decreased dietary intake of calcium, it
is anticipated that the recognized modulators of 1,25-(OH)20 synthesis (PTH; Ca2 , inorganic
phosphorus [P.]> would enhance production of the vitamin D hormone. Since there was in fact a
reduction in circulating concentrations of 1,25-(OH)2D, this suggests that production of the
vitamin D hormone was actually impaired.

On the basis of significant negative correlations between blood levels of lead and serum
levels of 1,25-(OH)2D and negative correlations between erythrocyte protoporphyrin and 1,25-
(OH)2D in children with blood lead concentrations of 33-120 ug/dl, it is reasonable to
conclude that the lead ion impairs the production of 1,25-(OH)2D3, as aluminum does in chil-
dren undergoing total parenteral nutrition (Rosen and Chesney, 1983).

The 1-hydroxylation step to produce the vitamin D hormone is carried out in the mitochon-
dria of the renal tubule by a complex cytochrome P-450 enzyme system (Rosen and Chesney,
1983). The ingredients of this enzyme system include intact mitochondria, Krebs cycle sub-
strates, cytochrome P-450 electron transport, oxidative phosphorylation, and generation of
NADPH (nicotinamide adenine dinucleotide phosphate, reduced). The biosynthesis of the vita-
min D hormone is controlled in large part by the functional integrity of mitochondria, by the
ionic (Ca, P.) microenvironment of the extracellular fluid, and by the uptake of calcium by
mitochondria (including the delicate homeostasis characteristic of intracellular calcium con-
centrations and calcium pumps). It is clear, therefore, based upon lead's toxic effects on
mitochondria, cellular energetics, and cytochrome P-450 electron transport in several studies,
including some on children (Saenger et al., 1984; Piomelli et al., 1982), that lead most
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likely impairs the 1-hydroxylase enzyme system, although altered peripheral metabolism of
1,25-(OH)2D cannot be completely ruled out. As noted in Section 12.5, furthermore, lead inhi-
bits renal ferrochelatase with accumulation of EP leading to a reduction in the kidney heme
pool and reduced availability of heme for renal 1-hydroxylase (Fowler et al., 1980).

Lead's impairment of the 1-hydroxylase enzyme system in lead intoxicated children is
strongly supported by additional information: 1) 1,25-(OH)2D levels in serum returned to
normal values within two days following chelation therapy, while no changes were found in
25-(OH)D levels, and 2) a strong negative correlation between 1,25-(OH)2D values and blood
lead was found over the entire range (12-120 ug/dl) of blood lead levels measured in the study
(Rosen et al., 1980; Mahaffey et al., 1982). Furthermore, no change in the slope of the
regression line between 1,25-(OH)2D and blood lead was found for blood lead values above or
below 30 ug/dl (Mahaffey et al., 1982). These findings provide considerable support for the
view that lead interferes with normal ionic transport in cells and with the functional integ-
rity of mitochondria that carry out this 1-hydroxylation. In terms of ionic transport, cur-
rent information indicates that increasing extracellular and intracellular concentrations of
calcium depress production of the vitamin 0 hormone (Rosen and Chesney, 1983). If renal
tubule cells accumulate high concentrations of calcium after exposure to lead, as do hepato-
cytes (Pounds et al., 1982a, Pounds and Mittelstaedt, 1983), osteoclasts (Rosen, 1983, 1985),
and brain cells-(SiIbergeld and Adler, 1978), renal tubule cells may consequently "turn off"

J3
1,25-(OH)2D production. Such an effect is likely to be reversible when lead is decreased in
the extracellular fluid, as it is in children after therapy with CaNa2EDTA.

In summary, lead's effect(s) on the complex 1-hydroxylase enzyme system may be expressed
in one or several components of the enzyme (e.g., cellular energetics, integrity of mitochon-
dria). Simultaneously, lead may interfere with ionic regulation of 1,25-(OH)2D3 biosynthesis.
The fact that such effects can be reversed, at least insofar as 1,25-(OH)2D levels may recover
to normal values after chelation therapy, does not suggest that these effects of lead are
necessarily transient or subject to physiological adaptation. Thus far, reversibility has
been known to occur only after medical intervention.
12.3.5.2 Experimental Studies. Smith et al. (1981) observed depressions of plasma
1,25-(OH)2D in rats fed 0.82 percent lead as lead acetate. Moreover, lead ingestion totally
blocked the intestinal calcium transport response to the vitamin D hormone. Though the dose
of lead and the resulting blood lead concentrations were high in this study, it confirms the
effect(s) of lead on vitamin D metabolism reported in children. A recent study demonstrated
directly that renal production and tissue levels of the vitamin D hormone were reduced in a
Jose-related fashion in chicks fed a diet supplemented with lead (Edelstein et al., 1984).
Previous studies have shown that vitamin D and 1,25-(OH)2D3 enhance lead acetate absorption in
the distal small intestine of the rat, whereas vitamin 0-dependent calcium absorption occurs
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in the proximal duodenum (Smith et al., 1978; Mahaffey et al., 1979). It is likely that
vitamin D affects lead absorption in a manner somewhat different from the manner in which it
affects calcium absorption (Smith et al., 1978; Mykkanen and Wasserman, 1982). It is of
interest that high doses of vitamin D and 1,25-(OH)2D3 do not markedly increase lead absorp-
tion above that achieved with physiological doses (Smith et al., 1978).
12.3.5.3 Implications of Lead Effects on Vitamin D Metabolism
12.3.5.3.1 Direct Metabolic Consequences of Vitamin D Metabolism Interference in Children. A
lower daily intake of calcium, as observed in lead intoxicated children (Sorrel! et al., 1977;
Rosen et al., 1980), accompanied by a relative decrease in l,25-(OH)20-stimulated formation of
calcium-binding protein (CaBP), may permit lead to compete favorably with calcium for mucosal
proteins and similar absorption sites in the intestine. In addition, experimental study with
animal CaBP has demonstrated a much greater affinity of this intestinal protein for lead than
for calcium (Fullmer et al., 1985). Such findings help explain the negative correlations
found between calcium intake and blood lead and between serum calcium and blood lead values
(Sorrel 1 et al., 1977).

Furthermore, depression in serum ionized calcium during lead intoxication (Rosen et al.,
1980) may enhance the movement of lead from hard tissue to critical organ sites in soft
tissues. In bone organ culture, decreasing the concentration of calcium in the medium
enhances mobilization of previously incorporated radioactive lead from bone explants to the

J3
medium (Rosen and Markowitz, 1980). Among other things, these findings indicate that reduced
1,25-(OH)2D levels do not serve to "protect" soft target organs such as brain and kidney from
lead deposition by sequestering the metal in bone. Further, empirical support for this con-
clusion may be found in the results of Smith et al. (1981), who reported no consistent differ-
ences in rats' kidney lead content as a function of the presence or absence of a vitamin D
supplement in the diet. These investigators also found no significant differences in the
blood lead concentrations of the rats as a function of vitamin D supplementation. In summary,
there is little reason to suppose that reduced levels of 1,25-(OH)2D might function as part of
3 negative feedback process to reduce further absorption of lead or to mitigate its toxic
effects on various target organs.
12.3.5.3.2 Other Childhood Diseases Associated with a Reduction in Circulating 1,25-(OH)2D
as a Reflection of Depressed Biosynthesis. At blood lead levels of 33-55 ug/dl (Rosen et al.,
1980), 1,25-(OH)2D levels are reduced to levels comparable to those observed in children who
have severe renal insufficiency with loss of about two-thirds of their normal renal function
(Rosen and Chesney, 1983; Chesney et al., 1983). Also, at blood lead levels of 33-120 ug/dl,
analogous depressions in 1,25-(OH)2D concentrations (̂ 20 pg/ml) are found in:
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(1) Vitamin D-dependent rickets, type I--an inborn error of vitamin D metabolism in
which the 1-hydroxylase enzyme system (or a component thereof) is virtually
absent;

(2) Oxalosis--an inborne error of metabolism in which calcium oxalate crystals
are deposited throughout the body, including the kidney, and result in chronic
renal insufficiency;

(3) Hormone-deficient hypoparathyroidisin—thought to be an autoimmune disorder,
hereditary in some cases, that is characterized by parathyroid hormone defi-
ciency and, as a result, decreased production of the vitamin 0 hormone;

(4) Aluminum intoxication in children undergoing total parenteral nutrition—has
occurred when the casein hydrolysates used were contaminated with aluminum.

These disorders are reviewed by Rosen and Chesney (1983) and Chesney et al. (1983).
12.3.5.3.3 Physiological Functions of 1.25-(OH)2D3 at the Cellular Level. The vitamin D-
endocrine system is responsible in large part for the maintenance of extra- and intracellular
calcium homeostasis (Rasmussen and Waisman, 1983; Wong, 1983; Shlossman et al., 1982; Rosen
and Chesney, 1983). As a result, the integrity of cells of diverse function is preserved, as
are numerous calcium-mediated functions. It is known that calcium, an important participant
in the hormonalresponses of many target cell systems (Rasmussen and Waisman, 1983), acts not
only as a second'messenger, but also as a modulator of cyclic nucleotide metabolism. The tem-
poral and spatial regulation of cellular calcium is exceedingly important in the response of a
variety of cells to hormonal and electrical stimuli.

Lead alone (without hormones) produces an overamplification of calcium influx in hepato-
cytes (Pounds et al., 1982a), osteoclasts (Rosen, 1983, 1985), and brain slices (Silbergeld
and Adler, 1978) at relatively low concentrations. As a result, calcium-mediated cell func-
tions are perturbed (Pounds et al., 1982b). Based upon these findings, it is reasonable to
conclude that modulation in cellular calcium metabolism induced by lead at relatively low
concentrations may have the potential of disturbing multiple functions of different tissues
that depend upon calcium as a second messenger. Perturbations in cellular calcium homeostasis
may thereby result from the effects of lead alone; but these effects may be enhanced when
coupled with decreased production of 1,25-(OH)2D3 and reduction in serum (and extracellular
fluid) ionized calcium values observed in lead intoxicated children.

Calmodulin is of central importance as an intracellular calcium receptor protein. Its
nearly universal distribution in mammalian cells emphasizes further that calcium serves as a
"universal" second messenger. As such, calmodulin regulates several enzyme systems and trans-
port processes. The list of calcium-sensitive reactions modulated by the calmodulin-calcium
complex is rapidly expanding (see review by Cheung, 1980). Recently, it has been shown that
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lead can replace calcium in the activation of calmodulin-sensitive processes (Habermann et
al., 1983), including potassium loss from erythrocytes (Goldstein and Ar, 1983). Though at an
early stage of investigation, it is conceivable that a molecular model of lead toxicity may
include (in addition to those processes cited above) intracellular occupation of calcium-
binding sites on calmodulin. Since calmodulin regulates multiple cell activities, such a
mechanism may underlie some of the diverse effects of lead. Lead alone and lead's inter-
action(s) with calmodulin and intracellular calcium homeostasis are inherently coupled to the
vitamin D-endocrine system.
12.3.5.3.4 Cell Differentiation/Maturation. Tumor cell lines possess cytosol receptors to
which 1,25-(OH)2D3 binds specifically (Tanaka et al., 1982; Shiina et al., 1983; Honma et al.,
1983). Human promyelocytic leukemia cells (HL-60) can be induced to differentiate KI vitro by
1,25-(OH)2D3. Differentiation-associated properties, such as phagocytosis and C3 rosette
formation, were induced by as little as 0.12 nM 1,25-(OH)2D3. As cells exhibited differentia-
tion, the viable cell number was decreased to less than half of the control (Tanaka et al.,
1982). A specific cytosol protein that bound 1,25-(OH)203 was found in these HL-60 cells; its
physical and biochemical properties closely resembled those found in "classical" vitamin D
target tissues. These and other studies noted above indicated that 1,25-(OH)2D3 induced
differentiation of HL-60 cells by a mechanism similar to that proposed for the classical con-
cept of steroid, hormone action. This common mechanism of steroid hormone action includes
binding of hormone to a cytosol receptor (to form a hormone-receptor complex) and subsequent
movement of this complex into the nucleus where it binds to chromatin.

A .-ecent study by Honma et al. (1983) showed that the survival time of syngeneic SL mice
inoculated with murine myeloid leukemia cells (ML) was markedly prolonged by l-25-(OH)2D3
treatment (12.5-50 pmol per mouse). Evidence indicated that induction of differentiation of
ML cells into macrophages i_n vitro was correlated with its effect in prolonging survival time;
and it was suggested that the role of 1,25-(OH)2D3 in decreasing leukemogenicity of ML cells
j_n vivo is due to its effect in suppressing proliferation and inducing differentiation of ML
cells in vitro (Honma et al., 1983).

It is »vident, therefore, that the differentiation in HL-60 cells (and other cell lines)
caused by i,^5-(OH)2D3 is a manifestation of the normal action of this hormone to elicit
maturation of myeloid stem cells into macrophages. Because macrophages are thought to be the
precurbor of bone resorbing osteoclasts, this is a logical mechanism whereby 1,25-(OH)203
brings .about calcium resorption/homeostasis through recruitment of cells competent in bone re-
modeling. Moreover, parathyroid hormone is thought to act both directly to stimulate osteo-
clast prod. .:tion from myeloid precursors and on T-lymphocytes to cause the elaboration of
putative oteoclast-enhancing factors. It appears, therefore, that the vitamin D hormone
regulates calcium homeostasis and also participates directly in bone turnover by orchestrating
the population of cells within bone.
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12.3.5.3.5 Immunoregulatory Role of the Vitamin D Hormone. The widespread distribution of
receptors for 1,25-(OH)2D3 in tissues not thought to play a role in mineral metabolism has
made it clear that the vitamin D hormone plays a wider biologic role than was previously
thought (Kadowaki and Norman, 1984a,b; Stumpf et al., 1982; Clark et al., 1981; Gelbard et
al., 1980). Receptors for 1,25-(OH)2D3 are present in normal human monocytes and malignant
lymphocytes (Provvedini et al., 1983; Bhalla et al., 1983). It has also been shown that
macrophages from vitamin D-deficient mice have impaired phagocytic and inflammatory responses
correctable by 1,25-(OH)203 repletion (Bar-Shavit et al., 1981).

T and B lymphocytes obtained from normal humans also expressed the 1,25-(OH)2D3 receptor
after the lymphocytes had been activated by mitogenic lectins and Epstein-Barr virus
(Provvedini et al., 1983; Bhalla et al., 1983). The mitogenic lectin phytohemagglutinin (PHA)
stimulates T lymphocyte proliferation and induces the production of various lymphokines,
including interleukin-2 (IL-2), which is important for the growth of T cells. Recently, it
has been demonstrated that 1,25-(OH)2D3 (at picomolar concentrations) inhibits the growth-
promoting lymphokine IL-2 and the proliferation of PHA-stimulated lymphocytes obtained from
normal humans (Tsoukas et al., 1984). These results confirm and extend earlier evidence that
1,25-(OH)2D3 receptors are expressed in T lymphocytes activated with mitogenic lectins
(Provvedini et al., 1983; Bhalla et al., 1983). In light of suggestions that calcium translo-
cation is involved in the mitogen-induced activation of lymphocytes and in view of the well-
recognized calcitropic effects of 1,25-(OH)2D3 on mineral-dependent target tissues, it may be
that the suppressive effect of the vitamin 0 hormone on IL-2 is mediated by calcium transloca-
tion (Tsoukas et al., 1984). However mediated, this effect demonstrates the immunoregulatory
role of 1,25-(OH)2D3 and, thus, another possible means by which lead could affect immunity
(see Section 12.8).

12.3.6 Summary and Overview
12.3.6.1 Effects of Lead on Heme Biosynthesis. The effects of lead on heme biosynthesis are
well known because of their clinical prominence and the numerous studies of such effects in
humans and experimental animals. The process of heme biosynthesis starts with glycine and
succinyl-coenzyme A, proceeds through formation of protoporphyrin IX, and culminates with the
insertion of divalent iron into the porphyrin ring to form heme. In addition to being a con-
stituent of hemoglobin, heme is the prosthetic group of many tissue hemoproteins having vari-
able functions, such as myoglobin, the P-450 component of the mixed-function oxygenase system,
and the cytochromes of cellular energetics. Hence, disturbance of heme biosynthesis by lead
poses the potential for multiple-organ toxicity.
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In investigations of lead's effects on the heme synthesis pathway, most attention has
been devoted to the following: (1) stimulation of mitochondrial delta-aminolevulinic acid
synthetase (ALA-S), which mediates formation of delta-aminolevulinic acid (ALA); (2) direct
inhibition of the cytosolic enzyme, delta-aminolevulinic acid dehydrase (ALA-D), which cata-
lyzes formation of porphobilinogen from two units of ALA; and (3) inhibition of insertion of
iron (II) into protoporphyrin IX to form heme, a process mediated by ferrochelatase.

Increased ALA-S activity has been found in lead workers as well as in lead-exposed ani-
mals, although an actual decrease in enzyme activity has also been observed in several experi-
mental studies using different exposure methods. It appears, then, that the effect on ALA-S
activity may depend on the nature of the exposure. Using rat liver cells in culture, ALA-S
activity was stimulated _in vitro at lead levels as low as 5.0 uM or 1.0 ug/g preparation. The
increased activity was due to biosynthesis of more enzyme. The blood lead threshold for stim-
ulation of ALA-S activity in humans, based on a study using leukocytes from lead workers,
appears to be about 40 ug/dl. Whether this apparent threshold applies to other tissues de-
pends on how well the sensitivity of leukocyte mitochondria mirrors that in other systems.
The relative impact of ALA-S activity stimulation on ALA accumulation at lower lead exposure
levels appears to be much less than the effect of ALA-D activity inhibition. ALA-D activity
is significantly depressed at 40 ug/dl blood lead, the point at which ALA-S activity only
begins to be affected.

Erythrocyte ALA-D activity is very sensitive to inhibition by lead. This inhibition is
reversed by reactivation of the sulfhydryl group with agents such as dithiothreitol, zinc, or
zinc and glutathione. Zinc levels that achieve reactivation, however, are well above physio-
logical levels. Although zinc appears to offset the inhibitory effects of lead observed in
animal studies and in human erythrocytes in vitro, lead workers exposed to both zinc and lead
do not show significant changes in the relationship of ALA-D activity to blood lead when com-
pared *ith workers exposed just to lead. Nor does the range of physiological zinc levels in
nonexposed subjects affect ALA-D activity. In contrast, zinc deficiency in animals signifi-
cantly inhibits ALA-D activity, with concomitant accumulation of ALA in urine. Because zinc
deficiency has also been demonstrated to increase lead absorption, the possibility exists for
the ""ollowing dual effects of such deficiency on ALA-D activity: (1) a direct effect on acti-
vity due to reduced zinc availability; and (2) increased lead absorption leading to further
i n h i b i t i o n of activity.

Erythrocyte ALA-D activity appears to be inhibited at virtually all blood lead levels
'neasured so far, and any threshold for this effect in either adults or children remains to be
determined A further measure of this enzyme's sensitivity to lead is a report that rat bone
marrow suspensions show inhibition of ALA-D activity by lead at a level of 0.1 ug/g suspen-
sion. Inhibition of ALA-D activity in erythrocytes apparently reflects a similar effect in
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other tissues. Hepatic ALA-D activity in lead workers was inversely correlated with erythro-
cyte activity as well as blood lead levels. Of significance are experimental animal data
showing that (1) brain ALA-D activity is inhibited with lead exposure, and (2) this inhibition
appears to occur to a greater extent in developing animals than in adults, presumably reflec-
ting greater retention of lead in developing animals. In the avian brain, cerebellar ALA-0
activity is affected to a greater extent than that of the cerebrum and, relative to lead con-
centration, shows inhibition approaching that occurring in erythrocytes.

Inhibition of ALA-D activity by lead is reflected by elevated levels of its substrate,
ALA, in blood, urine, and soft tissues. Urinary ALA is employed extensively as an indicator
of excessive lead exposure in lead workers. The diagnostic value of this measurement in pedi-
atric screening, however, is limited when only spot urine collection is done; more satisfac-
tory data are obtainable with 24-hr collections. Numerous independent studies document a
direct correlation between blood lead and the logarithm of urinary ALA in human adults and
children; the blood lead threshold for increases in urinary ALA is commonly accepted as 40
(jg/dl. However, several studies of lead workers indicate that the correlation between urinary
ALA and blood lead continues below this value; one study found that the slope of the dose-
effect curve in lead workers depends on the level of exposure.

The health significance of lead-inhibited ALA-D activity and accumulation of ALA at lower
lead exposure levels is controversial. The "reserve capacity" of ALA-D activity is such that
only the level of inhibition associated with marked accumulation of the enzyme's substrate,
ALA, in accessible indicator media may be significant. However, it is not possible to quan-
tify at lower levels of lead exposure the relationship of urinary ALA to target tissue levels
or to relate the potential neurotoxicity of ALA at any accumulation level to levels in indi-
cator media. Thus, the blood lead threshold for neurotoxicity of ALA may be different from
that associated with increased urinary excretion of ALA.

Accumulation of protoporphyrin in erythrocytes of lead-intoxicated individuals has been
recognized since the 1930s, but it has only recently been possible to quantitatively assess
the nature of this effect via development of sensitive, specific microanalysis methods. Accu-
mulation of protoporphyrin IX in erythrocytes results from impaired placement of iron (II) in
the porphyrin moiety in heme formation, an intramitochondrial process mediated by ferrochela-
tase. In lead exposure, the porphyrin acquires a zinc ion in lieu of native iron, thus form-
ing zinc protoporphyrin (ZPP), which is tightly bound in available heme pockets for the life
of the erythrocytes. This tight sequestration contrasts with the relatively mobile nonmetal,
or free, erythrocyte protoporphyrin (FEP) accumulated in the congenital disorder erythropoiet-
ic protoporphyria.
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Elevation of erythrocyte ZPP has been extensively documented as exponentially correlated
with blood lead in children and adult lead workers and is currently considered one of the best
indicators of undue lead exposure. Accumulation of ZPP only occurs in erythrocytes formed
during lead's presence in erythroid tissue; this results in a lag of at least several weeks
before its buildup can be measured. The level of ZPP accumulation in erythrocytes of newly
employed lead workers continues to increase after blood lead has already reached a plateau.
This influences the relative correlation of ZPP and blood lead in workers with short exposure
histories. Also, the ZPP level in blood declines much more slowly than blood lead, even after
removal from exposure or after a drop in blood lead. ZPP level also appears to be a more re-
liable indicator of continuing intoxication from lead resorbed from bone in former lead
workers long removed from heavy lead exposure.

The threshold for detection of lead-induced ZPP accumulation is affected by the relative
spread of blood lead and corresponding ZPP values measured. In young children (<4 yr old),
the ZPP elevation associated with iron-deficiency anemia must also be considered. In adults,
numerous studies indicate that the blood lead threshold for ZPP elevation is about 25-30
ug/dl. In children 10-15 years old, the threshold is about 16 ug/dl; for this age group, iron
deficiency is not a factor. In one study, children over 4 years old showed the same thresh-
old, 15.5 ug/dl, as a second group under 4 years old, indicating that iron deficiency was not
a factor in the -study. At 35.2 ug/dl blood lead, 50 percent of the children had significantly
elevated FEP levels (2 standard deviations above the reference mean FEP).

At blood lead levels below 30-40 ug/dl, any assessment of the EP-blood lead relationship
is strongly influenced by the relative analytical proficiency of measurements of both blood
lead and EP. The types of statistical analyses used are also important. In a recent detailed
statistical study involving 2004 children, 1852 of whom had blood lead values below 30 ug/dl,
segmental line and probit analysis techniques were employed to assess the dose-effect thres-
hold and dose-response relationship. An average blood lead threshold for the effect using
both statistical techniques was 16.5 ug/dl for the full group and for those subjects with
blood lead below 30 ug/dl. The effect of iron deficiency was tested for and was removed. Of
particular interest was the finding that blood lead values of 28.6 and 35.2 ug/dl corresponded
to EP elevations of more than 1 or 2 standard deviations, respectively, above the reference
mean in 50 percent of the children. Hence, fully half of the children had significant ele-
vations of EP at blood lead levels around 30 ug/dl. From various reports, children and adult
females appear to be more sensitive to lead's effects on EP accumulation at any given blood
lead level; children are somewhat more sensitive than adult females.

Lead's effects on heme formation are not restricted to the erythropoietic system. Recent
data indicate that the reduction of serum 1,25-dihydroxyvitamin D seen with even low-level
lead exposure is apparently the result of lead-induced inhibition of the activity of renal
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1-hydroxylase, a cytochrome P-450 mediated enzyme. Moreover lead inhibits renal ferrochela-
tase activity, which, with elevated kidney EP, leads to a reduction of heme available for
heme-requiring enzymes such as renal 1-hydroxylase. Reduction in activity of the hepatic
enzyme tryptophan pyrrolase and concomitant increases in plasma tryptophan as well as brain
tryptophan, serotonin, and hydroxyindol eacetic acid have been shown to be associated with
lead-induced reduction of the hepatic heme pool. The heme-containing hepatic protein cyto-
chrome P-450 (an integral part of the hepatic mixed-function oxygenase system) is affected in
humans and animals by lead exposure, especially acute intoxication. Reduced P-450 content
correlates with impaired activity of detoxifying enzyme systems such as- aniline hydroxylase
and aminopyrine demethylase. It is also responsible for reduced 6p-hydroxylation of cortisol
in children having moderate lead exposure.

Studies of organotypic chick and mouse dorsal root ganglion in culture show that the ner-
vous system has heme biosynthetic capability and that not only is this capability reduced in
the presence of lead but production of porphyrinic material is increased. In the neonatal
rat, depending on the age at dosing and the duration of dosing, chronic lead exposure result-
ing in moderately elevated blood lead is associated with retarded increases in the hemoprotein
cytochromes and with disturbed electron transport in the developing cerebral cortex. These
data parallel effects of lead on ALA-D activity and ALA accumulation in neural tissue. When
both of these effects are viewed in the toxicokinetic context of increased retention of lead
in both developing animals and children, there is an obvious and serious potential for
impaired heme-based metabolic function in the nervous system of lead-exposed children.

As can be concluded from the above discussion, the health significance of ZPP accumula-
tion rests with the fact that it is evidence of impaired heme and hemoprotein formation in
many tissues that arises from entry of lead into mitochondria. Elevation of EP in children at
relatively low blood lead levels is considered by the pediatric medicine community to be a
matter of concern, and the Centers for Disease Control in their recent statement on lead poi-
soning in children (U.S. Centers for Disease Control, 1985) have noted that a blood lead level
above 25 ug/dl along with an EP level above 35 ug/dl whole blood is to be taken as early evi-
dence of lead toxicity. Such evidence for reduced heme synthesis is consistent with a great
deal of data documenting lead-associated effects on mitochondria. The relative value of the
lead-ZPP relationship in erythropoietic tissue as an index of this effect in other tissues
hinges on the relative sensitivity of the erythropoietic system compared with other organ
systems. One study of rats exposed over their lifetime to low levels of lead demonstrated
that protoporphyrin accumulation in renal tissue was already significant at levels of lead
exposure which produced little change in erythrocyte porphyrin levels.
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Other steps in the heme biosynthesis pathway are also known to be affected by lead, al-
though these have not been as well studied on a biochemical or molecular level. Coproporphy-
rin levels are increased in urine, reflecting active lead intoxication. Lead also affects the
activity of the enzyme uroporphyrinogen-I-synthetase in experimental animal systems, resulting
in an accumulation of its substrate, porphobilinogen. The erythrocyte enzyme has been re-
ported to be much more sensitive to lead than the hepatic species, presumably accounting for
much of the accumulated substrate. Unlike the case with experimental animals, lead-exposed
humans show no rise in urinary porphobilinogen, which is a differentiating characteristic of
lead intoxication versus the hepatic porphyrias. Ferrochelatase is an intramitochondrial
enzyme, and impairment of its activity either directly by lead or via impairment of iron
transport to the enzyme is evidence of the presence of lead in mitochondria.
12.3.6.2 Lead Effects on Erythropoiesis and Erythrocyte Physiology. Anemia is a manifesta-
tion of chronic lead intoxication and is characterized as mildly hypochromic and usually nor-
mocytic. It is associated with reticulocytosis, owing to shortened cell survival, and the
variable presence of basophilic stippling. Its occurrence is due to both decreased production
and increased rate of destruction of erythrocytes. In young children (<4 yr old), iron defi-
ciency anemia is exacerbated by lead uptake, and vice versa. Hemoglobin production is nega-
tively correlated with blood lead in young children, in whom iron deficiency may be a con-
founding factor, as well as in lead workers. In one study, blood lead values that were
usually below 8t? ug/dl were inversely correlated with hemoglobin content. In these subjects
no iron deficiency was found. The blood lead threshold for reduced hemoglobin content is
about 50 ug/dl in adult lead workers and somewhat lower (about 40 ug/dl) in children.

The mechanism of lead-associated anemia appears to be a combination of reduced hemoglobin
production and shortened erythrocyte survival due to direct cell injury. Lead's effects on
hemoglobin production involve disturbances of both heme and globin biosynthesis. The hemoly-
tic component to lead-induced anemia appears to be caused by increased cell fragility and in-
creased osmotic resistance. In one study using rats, the hemolysis associated with vitamin E
deficiency, via reduced cell deformability, was exacerbated by lead exposure. The molecular
oasis for increased cell destruction rests with inhibition of (Na , K )-ATPase and pyrimi-
dine-51-nucleotidase. Inhibition of the former enzyme leads to cell "shrinkage" and inhibi-
tion of the latter results in impaired pyrimidine nucleotide phosphorolysis and disturbance of
the activity of the purine nucleotides necessary for cellular energetics.
L2.3.6.3 Effects of lead on erythropoietic pyrimidine metabolism. In lead intoxication, the
presence of both basophilic stippling and anemia with a hemolytic component is due to inhibi-
tion by lead of the activity of pyrimidine-51-nucleotidase (Py-5-N), an enzyme that mediates
the rJephosphoryIdtion of pyrimidine nucleotides in the maturing erythrocyte. Inhibition of
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this enzyme by lead has been documented in lead workers, lead-exposed children, and experimen-
tal animal models. In one study of lead-exposed children, there was a negative correlation
between blood lead and enzyme activity, with no clear response threshold. A related report
noted that, in addition, there was a positive correlation between cytidine phosphate and blood
lead and an inverse correlation between pyrimidine nucleotide and enzyme activity.

The metabolic significance of Py-5-N inhibition and cell nucleotide accumulation is that
they affect erythrocyte stability and survival as well as potentially affect mRNA and protein
synthesis related to globin chain synthesis. Based on one study of children, the threshold
for the inhibition of Py-5-N activity appears to be about 10 ug/dl blood lead. Lead's inhibi-
tion of Py-5-N activity and a threshold for such inhibition are not by themselves the issue.
Rather, the issue is the relationship of such inhibition to a significant level of impaired
pyrimidine nucleotide metabolism and the consequences for erythrocyte stability and function.
The relationship of Py-5-N activity inhibition by lead to accumulation of its pyrimidine
nucleotide substrate is analogous to lead's inhibition of ALA-D activity and accumulation of
ALA.
12.3.6.4 Effects of Alkyl Lead Compounds on Heme Biosynthesis and Erythropoiesis. Tetraethyl
lead and tetramethyl lead, components of leaded gasoline, undergo transformation j_n vivo to
neurotoxic trialkyl metabolites as well as further conversion to inorganic lead. Hence, one
might anticipate that exposure to such agents may result in effects commonly associated with
inorganic lead, particularly in terms of heme synthesis and erythropoiesis. Various surveys
and case reports show that the habit of sniffing leaded gasoline is associated with chronic
lead intoxication in children from socially deprived backgrounds in rural or remote areas.
Notable in these subjects is evidence of impaired heme biosynthesis, as indexed by signifi-
cantly reduced ALA-D activity. In several case reports of frank lead toxicity from habitual
leaded gasoline sniffing, effects such as basophilic stippling in erythrocytes and signifi-
cantly reduced hemoglobin have also been noted.
12.3.6.5 Relationships of Lead Effects on Heme Synthesis to Neurotoxicity. The role of lead-
associated disturbances of heme biosynthesis as a possible factor in neurological effects of
lead is of considerable interest due to the following: (1) similarities between classical
signs of lead neurotoxicity and several neurological components of the congenital disorder
acute intermittent porphyria; and (2) some of the unusual aspects of lead neurotoxicity.
There are three possible points of connection between lead's effects on heme biosynthesis and
the nervous system. Associated with both lead neurotoxicity and acute intermittent porphyria
is the common feature of excessive systemic accumulation and excretion of ALA. In addition,
lead neurotoxicity reflects, to some degree, impaired synthesis of heme and hemoproteins in-
volved in crucial cellular functions; such an effect on heme is now known to be relevant
within neural tissue as well as in non-neural tissue.
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Available information indicates that ALA levels are elevated in the brains of lead-
exposed animals and arise through j_n situ inhibition of brain ALA-D activity or through trans-
port of ALA to the brain after formation in other tissues. ALA is known to traverse the
blood-brain barrier. Hence, ALA is accessible to, or formed within, the brain during lead
exposure and may express its neurotoxic potential.

Based on various in vitro and in vivo neurochemical studies of lead neurotoxicity, it
appears that ALA can inhibit release of the neurotransmitter gamma-aminobutyric acid (GABA)
from presynaptic receptors at which ALA appears to be very potent even at low levels. In an
HI vitro study, agonist behavior by ALA was demonstrated at levels as low as 1.0 uM ALA. This
j_n vitro observation supports results of a study using lead-exposed rats in which there was
inhibition of both resting and K -stimulated release of preloaded 3H-GABA from nerve termi-
nals. The observation that u; vivo effects of lead on neurotransmitter function cannot be
duplicated with j_n vitro preparations containing added lead is further evidence of an effect
of some agent (other than lead) that acts directly on this function. Human data on lead-
induced associations between disturbed heme synthesis and neurotoxicity, while limited, also
suggest that ALA may function as a neurotoxicant.

A number of studies strongly suggest that lead-impaired heme production itself may be a
factor in the toxicant's neurotoxicity. In porphyric rats treated also with phenobarbital,
both lead and the organic agent DDEP inhibit tryptophan pyrrolase activity owing to reductions
in the hepatic heme pool, thereby leading to elevated levels of tryptophan and serotonin in
the brain. Such elevations are known to induce many of the neurotoxic effects also seen with
lead exposure. Of great interest is the fact that heme infusion in these animals reduces
brain levels of these substances and also restores enzyme activity and the hepatic heme pool.
It remains to be demonstrated that use of lead alone, without enzyme induction, would show
similar effects. Another line of evidence for the heme-basis of lead neurotoxicity is that
!Ttouse dorsal root ganglion in culture manifests morphological evidence of neural injury with
rather low lead exposure, but such changes are largely prevented with co-administration of
heme. Finally, studies also show that heme-requiring cytochrome C production is impaired
along with operation of the cytochrome C respiratory chain in the brain when neonate rats are
exposed to lead.
12.3.6.6 Summary of Effects of Lead on Vitamin D Metabolism There has recently been a grow-
ing awareness of the interactions of lead and the vitamin 0-endocrine system. A recent study
nas found that children with blood lead levels of 33-120 M9/dl showed significant reductions
in serum levels of the hormonal metabolite 1,25-dihydroxyvitamin D (1,25-(OH)2D). This
inverse dose-response relationship was found throughout the range of measured blood lead
values, 12-120 ug/dl , and appeared to be the result of lead's effect on the production of the
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vitamin D hormone. The 1,25-(OH)2D levels of children with blood lead levels of 33-55 ^g/dl
corresponded to the levels that have been observed in children with severe renal dysfunction.
At higher blood lead levels (>62 ug/dl), the 1,25-(OH)20 values were similar to those that
have been measured in children with various inborn metabolic disorders. Chelation therapy of
the lead-poisoned children (blood lead levels >62 ug/dl) resulted in a return to normal
1,25-(OH)2D levels within a short period.

In addition to its well-known actions on bone remodeling and intestinal absorption of
minerals, the vitamin D hormone has several other physiological actions at the cellular level.
These include cellular calcium homeostasis in virtually all mammalian cells and associated
calcium-mediated processes that are essential for cellular integrity and function. In addi-
tion, the vitamin D hormone has newly recognized functions that involve cell differentiation,
immunoregulatory capacity, and other roles distinct from mineral metabolism. It is reasonable
to conclude, therefore, that impaired production of 1,25-(OH)2D can have profound and
pervasive effects on tissues and cells of diverse type and function throughout the body.
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12.4 NEUROTOXIC EFFECTS OF LEAD
12.4.1 Introduction

Historically, neurotoxic effects have long been recognized as being among the more severe
consequences of human lead exposure (Tanquerel des Planches, 1839; Stewart, 1895; Prendergast,
1910; Oliver, 1911; Blackfan, 1917). Since the early 1900s, extensive research has focused on
the elucidation of lead exposure levels associated with the induction of various types of neu-
rotoxic effects and related issues, such as critical exposure periods for their induction and
their persistence or reversibility. Such research, spanning more than 50 years, has provided
increasing evidence'indicating that progressively lower lead exposure levels, previously ac-
cepted as "safe," are actually sufficient to cause notable neurotoxic effects.

The neurotoxic effects of extremely high exposures, resulting in blood lead levels in ex-
cess of 80-100 ug/dl, have been well documented, especially in regard to increased risk for
fulminant lead encephalopathy (a well-known clinical syndrome characterized by overt symptoms
such as gross ataxia, persistent vomiting, lethargy, stupor, convulsions, and coma). The per-
sistence of neurological sequelae in cases of non-fatal lead encephalopathy has also been well
established. The neurotoxic effects of subencephalopathic lead exposures in both human adults
and children, however, continue to represent a major area of interest and controversy. Re-
flecting this, much research during the past 10-15 years has focused on the delineation of
exposure-effect -relationships for the following: (1) the occurrence of overt signs and symp-
toms of neurotoxicity in relation to other indicators of subencephalopathic overt lead intoxi-
cation; and (2) the manifestation of more subtle, often difficult-to-detect indications of
altered neurological functions in apparently asymptomatic (i.e., not overtly lead-poisoned)
individuals.

The present assessment critically reviews the available scientific literature on the neu-
rotoxic effects of lead, first evaluating the results of human studies bearing on the subject
and then examining pertinent animal toxicology studies. The discussion of human studies is
divided into two major subsections focusing on neurotoxic effects of lead exposure in (1)
adults and (2) children. Lead's effects on both the central nervous system (CNS) and the
peripheral nervous system (PNS) are discussed in each case. In general, only relatively brief
overview summaries are provided in regard to findings bearing on the effects of extremely
high-level exposures resulting in encephalopathy or other frank signs or symptoms of overt
lead intoxication. Studies concerning the effects of lower-level lead exposures are assessed
in more detail, especially those dealing with non-overtly lead intoxicated children. As for
the animal toxicology studies, particular emphasis is placed on the review of studies that
help to address certain important issues raised by the human research findings, rather than
attempting an exhaustive review of all animal toxicology studies concerning the neurotoxic
effects of lead.
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12.4.2 Human Studies
Defining exposure-effect or dose-response relationships between lead and particular

neurotoxic responses in humans involves two basic steps. First, there must be an assessment
of the internal lead burden resulting from external doses of lead received via various routes
of exposure (such as air, water, food, occupational hazards, house dust, etc.). Internal lead
burdens may be indexed by lead concentrations in blood, teeth, or other tissue, or by other
biological indicators. The second step involves an assessment of the relationship of internal
exposure indices to behavioral or other types of neurophysiological responses. The difficulty
of this task is reflected by current controversies over existing data. Studies vary greatly
in the quality of design, precision of assessment instruments, care in data collection, and
appropriateness of statistical analyses employed. Many of these methodological problems are
broadly common to research on toxic agents in general and not just to lead alone.

Although epidemiological studies of lead's effects have immediate environmental relevance
at the human level, difficult problems are often associated with the interpretation of the
findings, as noted in several reviews (Bornschein et al., 1980; Cowan and Leviton, 1980;
Rutter, 1980; Valciukas and Lilis, 1980; Needleman and Landrigan, 1981). The main problems
are the following: (1) inadequate markers of exposure to lead; (2) insensitive measures of
performance; (3) bias in selection of subjects; (4) inadequate handling of confounding co-
variates; (5) inappropriate statistical analyses; (6) inappropriate generalization and inter-
pretation of results; and (7) the need for "blind" evaluations by experimenters and techni-
cians. Each of these problems is briefly discussed below.

Each major exposure route—food, water, air, dust, and soil—contributes to a person's
total daily intake of lead (see Chapters 7 and 11). The relative contribution of each expo-
sure route, however, is difficult to ascertain; neurotoxic endpoint measurements, therefore,
are most typically evaluated in relation to one or another indicator of overall internal lead
body burden. Subjects in epidemiological studies may be misclassified as to exposure level
unless careful choices of exposure indices are made based upon the hypotheses to be tested,
the accuracy and precision of the biological media assays, and the collection and assay pro-
cedures employed. Chapter 9 of this document evaluates different measures of internal expo-
sure to lead and their respective advantages and disadvantages. The most commonly used mea-
sure of internal dose is blood lead concentration, which varies as a function of age, sex,
race, geographic location, and exposure. The blood lead level is a useful marker of current
exposure but generally does not reflect cumulative body lead burdens as well as lead levels in
teeth. Hair lead levels, measured in some human studies, are not viewed as reliable indica-
tors of internal body burdens at this time. Future research may identify a more standard
exposure index, but it appears that a risk classification similar to that of the U.S. Centers
for Disease Control (1978) in terms of blood lead and free erythrocyte protoporphyrin (FEP)
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levels will continue in the foreseeable future to be the standard approach most often used for
lead exposure screening and evaluation. Much of the discussion below is, therefore, focused
on defining dose-effect relationships for human neurotoxic effects in terms of blood lead
levels; some ancillary information on pertinent tooth lead levels is also discussed.

The frequency and timing of sampling for internal lead burdens represent another impor-
tant factor in evaluating studies of lead effects on neurological and behavioral functions.
For example, epidemiological studies often rely on blood lead and/or erythrocyte protoporphy-
rin (EP) levels determined at a single point in time to retrospectively estimate or character-
ize internal exposure histories of study populations'that may have been exposed in the past to
higher levels of lead than those indicated by a single current blood sample. Relatively few
prospective studies exist that provide highly reliable estimates of critical lead exposure
levels associated with observed neurotoxic effects in human adults or children, especially in
regard to the effects of subencephalopathic lead exposures. Some prospective longitudinal
studies on the effects of lead on early development of infants and young children are cur-
rently in progress, but results of these studies are only beginning to become available
(see Section 12.4.2.2.2.5 below). The present assessment of the neurotoxic effects of
lead in humans must, therefore, rely most heavily on published epidemiological studies which
typically provide exposure history information of only limited value in defining exposure-
effect relations-hips and less-than-optimum cross-sectional study designs.

Key variables that have emerged in determining effects of lead on the nervous system in-
clude (1) duration and intensity of exposure and (2) age at exposure. Much evidence suggests
that young organisms with developing nervous systems are more vulnerable than adults with
fully matured nervous systems. Particular attention is, therefore, accorded below to discus-
sion of neurotoxic effects of lead in children as a special group at risk.

Precision of measurement is a critical methodological issue, especially when research on
neurotoxicity leaves the laboratory setting. Neurotoxicity is often measured indirectly with
psychometric or neurometric techniques in epidemiological studies (Valciukas and Lilis, 1980).
The accuracy with which these tests reflect what they purport to measure (validity) and the
degree to which they are reproducible (reliability) are issues central to the science of mea-
surement theory. Many cross-sectional population studies make use of instruments that are
only brief samples of behavior thought to be representative of some relatively constant under-
lying traits, such as intelligence. Standardization of tests is the subject of much research
in psyi.hometrics. The quality and precision of specific test batteries have been particularly
controversial issues in evaluating possible effect levels for neurotoxic effects of lead expo-
sure in children. Fable 12A (Appendix 12A) lists some of the major tests used, together with
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their advantages and weaknesses. The following review places most weight on results obtained
with age-normed, standardized psychometric test instruments, and well-controlled, standardized
nerve conduction velocity tests. Other measures, such as reaction time, finger tapping, and
certain electrophysiological measures (e.g., cortical evoked and slow-wave potentials) are
potentially more sensitive indices, but are still experimental measures whose clinical utility
and psychometric properties with respect to the neurobehavioral toxicity of lead remain to be
more ful1y explored.

Selection bias is a critical issue in epidemiological studies in which attempts are made
to generalize from a small sample to a large population. Volunteering to participate in a
study and attendance at special clinics or schools are common forms of selection bias that
often limit how far the results of such studies can be generalized. These factors may need to
be balanced in lead neurotoxicity research since reference groups are often difficult to find
because of the pervasiveness of lead in the environment and the many non-lead covariates that
also affect performance. Selection bias and the effects of confounding can be reduced by
choosing a more homogeneous stratified sample, but the generalizability of the results of such
cohort studies is thereby limited.

Perhaps the greatest methodological concern in epidemiological studies is controlling for
confounding covariates, so that residual effects can be more confidently attributed to lead.
Among adults, the most important covariates are age, sex, race, educational level, exposure
history, alcohol intake, total food intake, dietary calcium and iron intake, and urban versus
rural styles of living (Valciukas and Lilis, 1980). Among children, a number of developmental
covariates are additionally important: parental socioeconomic status (Needleman et al.,
1979); maternal IQ (Perino and Ernhart, 1974); pica (Barltrop, 1966); quality of the care-
giving environment (Hunt et al. , 1982; Milar et al., 1980); dietary iron and calcium intake;
vitamin D levels; body fat and nutrition (Mahaffey and Michaelson, 1980; Mahaffey, 1981); and
age at exposure. Preschool children below the age of 3-5 years appear to be particularly vul-
nerable, in that the rate of accumulation of even a low body lead burden is higher for them
than for adults (National Academy of Sciences, Committee on Lead in the Human Environment,
1980). Potential confounding effects of covariates become particularly important when trying
to interpret threshold effects of lead exposure. Each covariate alone may not be significant,
but, when combined, may interact to pose a cumulative risk which could result in under- or
overestimation of a small effect of lead.

Statistical considerations important not only to lead but to all epidemiological studies
include adequate sample size (Hill, 1966), the use of multiple regression (Cohen and Cohen,
1975), and the use of multivariate analyses (Cooley and Lohnes, 1971). Regarding sample size,
false negative conclusions are at times drawn from small studies with low statistical power.
It is often difficult and expensive to use large sample sizes in complex research such as that
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on lead neurotoxicity. This fact makes it all the more important to use sensitive assessment
instruments which have a high level of discriminating power and can be combined into factors
for multivariate analysis. Multiple statistical comparisons can then be made while reducing
the likelihood of finding a certain number of significant differences by chance alone. This
is a serious problem, because near-threshold effects are often small and variable.

A final crucial issue in this and other research revolves around the care taken to assure
that investigators are isolated from information that might identify subjects in terms of
their lead exposure levels at the time of assessment and data recording. Unconscious biases,
nonrandom errors, and arbitrary data correction and exclusion can be ruled out only if a study
is performed under blind conditions or, preferably, double-blind conditions.

With the above methodological considerations in mind, the following sections evaluate
pertinent human studies. The discussion includes an overview of lead exposure effects in
adults, followed by a more detailed assessment of neurotoxic effects of lead exposures in
children.
12.4.2.1 Neurotoxic Effects of Lead Exposure in Adults.
12.4.2.1.1 Overt lead intoxication in adults. Severe neurotoxic effects of extreme exposures
to high levels of lead, especially for prolonged periods that produce overt signs of acute
lead intoxication, are well documented in regard to both adults and children. The most pro-
found (CNS) effects in adults have been referred to for many years as the clinical syndrome of
lead encephalopfthy, described in detail by Aub et al. (1926), Cantarow and Trumper (1944),
Cumings (1959), and Teisinger and Styblova (1961). Early features of the syndrome that may
develop within weeks of initial exposure include dullness, restlessness, irritability, poor
attention span, headaches, muscular tremor, hallucinations, and loss of memory. These symp-
toms may progress to delirium, mania, convulsions, paralysis, coma, and death. The onset of
such symptoms can often be quite abrupt, with convulsions, coma, and even death occurring very
rapidly in patients who shortly before appeared to exhibit much less severe or no symptoms of
acute lead intoxication (Cumings, 1959; Smith et al., 1938). Symptoms of lead encephalopathy
indicative of severe CNS damage and posing a threat to life are generally not seen in adults
except at blood lead levels well in excess of 120 ug/dl (Kehoe, 1961a,b,c). Other data (Smith
at al.., 1938) suggest that acute lead intoxication, including severe gastrointestinal symptoms
and/or signs of encephalopathy can occur in some adults at blood lead levels around 100 ug/dl,
but ambiguities make the data difficult to interpret.

In addition to the above CNS effects, lead also clearly damages peripheral nerves at tox-
ic, high-exposure levels that predominantly affect large myelinated nerve fibers (Vasilescu,
1973; feldman et a l . , 1977; Englert, 1980). Pathologic changes in peripheral nerves, as shown
in .inima! studies, can include both segmental demyelination and, in some fibers, axonal degen-
eration (Fullurton, 1966). The former types of changes appear to reflect lead's effects on
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Schwann cells, with concomitant endoneurial edema and disruption of myelin membranes
(Windebank and Dyck, 1981). Apparently, lead induces a breakdown in the blood-nerve barrier
which allows lead-rich edema fluid to enter the endoneurium (Dyck etal., 1980; Windebank
etal., 1980). Remyelination observed in animal studies suggests either that such lead
effects may be reversible or that not all Schwann cells are affected equally (Lampert and
Schochet, 1968; Ohnishi and Dyck, 1981). Reports of plantar arch deformities due to old per-
ipheral neuropathies (Emmerson, 1968), however, suggest that lead-induced neuropathies of
sufficient severity in human adults could result in permanent peripheral nerve damage. Mor-
phologically, peripheral neuropathies are usually detectable only after prolonged high expo-
sure to lead, with distinctly different sensitivities and histological differences existing
among mammalian species. In regard to man, as an example, Buchthal and Behse (1979, 1981),
using nerve biopsies from a worker with frank lead neuropathy (blood lead = 150 ug/dl), found
histological changes indicative of axonal degeneration in association with reductions in nerve
conduction velocities that corresponded to loss of large fibers and decreased amplitude of
sensory potentials.

Data from numerous studies provide a basis by which to estimate lead exposure levels at
which adults exhibit overt signs or symptoms of neurotoxicity and to compare such levels with
those associated with other types of signs and symptoms indicative of overt lead intoxication
(Sakurai et al.^1974; Lilis etal., 1977; Tola and Nordman, 1977; Irwig etal., 1978a,b;
Dahlgren, 1978; Baker etal., 1979; Haenninen etal., 1979; Spivey etal., 1979; Fischbein
et al., 1980; Hammond et al., 1980; Kirkby et al., 1983). These studies evaluated rates of
various clinical signs and symptoms of lead intoxication across a wide range of lead exposures
among occupationally exposed smelter and battery plant workers.

Considerable individual biological variability is apparent among various study popula-
tions and individual workers in terms of observed lead levels associated with overt signs and
symptoms of lead intoxication, based on comparisons of exposure-effect and dose-response data
from the available studies. For example, Irwig et al. (1978a,b) and Zielhuis and Wibowo
(1976) discuss data for black South African lead workers indicative of increased prevalence of
neurological symptoms at 110 ug/dl and gastrointestinal symptoms at blood lead levels in ex-
cess of 60 ug/dl. Analogously, Hammond et al. (1980) reported significant increases in neuro-
logical (both CNS and PNS) and gastrointestinal symptoms among American smelter workers with
blood lead levels often exceeding 80 ug/dl, but not among workers whose exposure histories did
not include levels above 80 ug/dl. Also, Kirkby et al. (1983) found no significant differ-
ences between 96 long-term lead smelter workers and 96 matched control subjects in prevalence
of self-reported symptoms of fatigue, headache, nervousness, sleep disturbance, constipation,
or colic. Blood lead levels for the lead workers averaged 51 ug/dl (range 13-91 ug/dl),
whereas the control group averaged 11 ug/dl (range 6-16 ug/dl).
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In contrast to the above results, many other investigators have reported neurologic
symptoms and other overt signs and symptoms of lead toxicity at blood lead levels ranging well
below 80 ug/dl. Lilis et al. (1977), for instance, found that CNS symptoms (tiredness,
sleeplessness, irritability, headaches) were reported by 55 percent and muscle or joint pain
by 39 percent of a group of lead smelter workers whose blood lead levels had never been ob-
served to exceed 80 ug/dl. Low hemoglobin levels (<14 g/dl) were found in more than 33
percent of these workers. In addition, Spivey et al. (1979) reported significantly increased
neurological (mainly CNS, but some PNS) symptoms and joint pain among a group of 69 lead
workers with mean ± standard deviation blood lead levels of 61.3 ± 12.8 ug/dl in comparison to
a control' group with 22.0 ± 5.9 ug/dl blood lead values. Haenninen et al. (1979) similarly
reported significantly increased neurological (both CNS and PNS) and gastrointestinal symptoms
among 25 lead workers with maximum observed blood lead levels of 50-69 ug/dl and significantly
increased CNS symptoms among 20 lower exposure workers with maximum blood lead values below
50 ug/dl. Both groups were compared against a referent control group (N = 23) with blood lead
values of 11.9 ±4.3 ug/dl.

Additional studies (Baker et al., 1979; Fischbein et al., 1980; Zimmermann-Tansella et
al., 1983) provide evidence of overt signs or symptoms of neurotoxicity occurring at lead
exposure levels still lower than those indicated above. Baker et al. (1979) studied dose-
response relationships between clinical signs and symptoms of lead intoxication among lead
workers in two ^nelters. No overt toxicity was observed at blood lead levels below 40 ug/dl.
However, 13 percent of those workers with blood lead values in the range 40-79 ug/dl had
extensor muscle weakness or gastrointestinal symptoms; and anemia occurred in 5 percent of the
workers with 40-59 (jg/dl blood lead levels, in 14 percent with levels of 60-79 ug/dl, and in
36 percent with blood lead levels exceeding 80 ug/dl. Also, Fischbein et al. (1980), in a
study of 90 cable splicers intermittently exposed to lead, found higher zinc protoporphyrin
levels (an indicator of impaired heme synthesis associated with lead exposure) among workers
reporting CNS or gastrointestinal symptoms than among other cable splicers not reporting such
symptoms. Only 5 percent of these workers had blood lead levels in excess of 40 ug/dl, and
the mean ± standard deviation blood lead levels for the 26 reporting CNS symptoms were 28.4
± 7.6 pg/dl and 30 ± 9.4 ug/dl for the 19 reporting gastrointestinal symptoms. However,
caution must be exercised in accepting these latter blood levels as being representative of
average or maximum lead exposures of this worker population, in view of the highly intermit-
tent, nature of their exposure and the likelihood of much higher peaks in their blood lead
levels than those coincidentally measured at the time of their blood sampling.

Lastly, Zimmermann-Tansella et al. (1983) have independently confirmed and extended pre-
viously described findings of Haenninen et al. (1979). Three groups of 20 men each were
matched on age, education, marital status, chronic illnesses, personality characteristics, and
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length of employment. The control group had no history of occupational exposure to lead (mean
blood lead level = 20.4 ± 6 ug/dl). The lead-exposed groups were composed of workers from an
electric storage battery plant, with the low-lead group averaging 31.7 ± 2.9 ug/dl (range:
26-35 ug/dl) and the high-lead group 52.5 ±5.1 ug/dl (range: 45-60 ug/dl). None ever ex-
ceeded 60 ug/dl. In conjunction with other psychological testing (Campara et al., 1984), two
questionnaires were given that asked about a variety of emotional, neurological, and gastro-
intestinal symptoms similar to symptoms covered by the questionnaire used by Haenninen et al.
(1979). The most clear-cut effects, in terms of significant and consistent dose-response
trends, were found in physical symptoms (such as loss of appetite, paresthesis in lower limbs,
weakness of upper limbs, and dropping of objects) with the most marked increases seen in rates
of neurological symptoms in the high-lead group. Coupled with the increased symptom rates
observed by Zimmermann-Tansella et al. (1983) were observations reported by Campara et al.
(1984) indicating that the high-lead workers did significantly more poorly on a variety of
psychometric tests (e.g., the WAIS), with general performance (on cognitive and visual-motor
coordination tasks) and verbal reasoning ability most markedly impaired. These findings,
consistent with earlier results of Haenninen et al. (1978, 1979), indicate that overt neurol-
ogical symptoms and impaired CMS functioning, as well as gastrointestinal symptoms, occur in
adults at blood lead levels of 45-60 ug/dl.

Overall, the results reviewed above appear to support the following conclusions: (1)
overt signs and^symptoms of neurotoxicity in adults are manifested at roughly comparable lead
exposure levels as other types of overt signs and symptoms of lead intoxication, such as gas-
trointestinal complaints; (2) neurological signs and symptoms are indicative of both central
and peripheral nervous system effects; (3) such overt signs and symptoms, both neurological
and otherwise, occur at markedly lower blood lead levels than levels previously thought to be
"safe" for adults; and (4) lowest observed effect levels for the neurological signs and symp-
toms in adults can most credibly be stated to be in the 40-60 ug/dl range. Insufficient in-
formation currently exists to estimate with confidence to what extent or for how long such
overt signs and symptoms persist in adults after termination of precipitating external lead
exposures, but at least one study (Dahlgren, 1978) has reported abdominal pain persisting as
long as 29 months after exposure termination among 15 smelter workers, including four whose
blood lead levels were between 40 and 60 ug/dl while working.
12.4.2.1.2 Non-overt lead intoxication in adults. Of special importance for establishing
standards for exposure to lead is the question of whether exposures lower than those producing
overt signs or symptoms of lead intoxication result in less obvious neurotoxic effects in
otherwise apparently healthy individuals. Attention has focused in particular on whether ex-
posures leading to blood lead levels below 80-100 pg/dl may lead to behavioral deficits or
other neurotoxic effects in the absence of classical signs of overt lead intoxication.
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In adults, one might expect neurobehavioral deficits to be reflected by performance mea-
sures in the workplace, such as higher rates of absences or reduced psychomotor performance
among occupationally exposed lead workers. Some epidemiological studies have investigated
possible relationships between elevated blood lead and general health as indexed by records of
sick absences certified by physicians (Araki et al. , 1982; Robinson, 1976; Shannon et al. ,
1976; Tola and Nordman, 1977). However, sickness absence rates are generally poor epidemio-
logic outcome measures that may be confounded by many variables and are difficult to relate
specifically to lead exposure levels. Much more useful are studies that evaluate direct
measurements of central or peripheral neurological functions in relation to lead exposure.

A number of studies have employed sensitive neurological and/or psychometric testing pro-
cedures in an effort to demonstrate specific lead-induced neurobehavioral effects in adults.
Disturbances in oculomotor function have been found in two studies of lead-exposed workers.
The first, a prospective investigation by Baloh et al. (1979), found significantly decreased
saccade accuracy and similar but nonsignificant differences in saccade velocity and delay
times in lead workers (mean blood lead: ~61 ug/dl) compared to controls. A follow-up examina-
tion (Spivey et al., 1980) essentially replicated the original findings. A more recent
investigation of saccadic eye movements by Glickman et al. (1984) also found highly signifi-
cant decreases in saccade accuracy and increases in overshoots among lead workers (mean blood
lead: 57 ug/dl),. particularly younger workers. The difference in saccade velocity fell just
short of statistical significance overall (p = 0.056), but was highly significant (p <0.004)
in the 20-29 year age group. Also, velocity and ZPP were significantly correlated overall
(r = -0.40, p <0.005).

Morgan and Repko (1974) reported deficits in hand-eye coordination and reaction time in
an extensive study of behavioral functions in 190 lead-exposed workers (mean blood lead level
- 60.5 ± 17.0 pg/dl). The majority of the subjects had been exposed between 5 and 20 years.
In a similar study, however, Milburn et al. (1976) found no differences between control and
lead-exposed workers on numerous psychometric and other performance tests. On the other hand,
several other studies (Arnvig et al., 1980; Grandjean et al., 1978; Haenninen et al., 1978;
Hogstedt et a!., 1983; Mantere et al. , 1982; Valciukas et al., 1978) have found disturbances
m reaction time, visual motor performance, hand dexterity, IQ test/cognitive performance,
mood, nervousness, or coping in lead workers with blood lead levels of 50-80 ug/dl. Hogstedt
et al (1983) also found impaired memory and learning ability in workers with time-weighted
average blood lead levels of 27-52 ug/dl. Furthermore, Baker et al. (1983) found significant-
ly increased rates of depression, confusion, anger, fatigue, and tension among workers with
blood lead levels above 40 ug/dl, who did not differ from referent control workers in terms of
.-eported incidence of abdominal colic or other gastrointestinal symptoms characteristic of
overt leaiJ intoxication. Other aspects of neurobehavioral function in the same workers were
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also found to be impaired, including verbal concept formation, memory, and visual/motor per-
formance. A graded dose-effect relationship for non-overt CNS lead effects in otherwise
asymptomatic adults is indicated by such studies.

In addition to the above studies indicative of psychoneural dysfunctions in non-overtly
lead intoxicated adults, numerous investigations have examined peripheral nerve function by
measuring the conduction velocity of electrically stimulated nerves in the arm or leg. Nerve
conduction velocity (NCV) provides a readily accessible indication of neurophysiological
function in sensory as well as motor nerves. However, nerve temperature (and to some extent,
skin temperature and room temperature), age, and limb length affect conduction velocity and
thus may confound NCV measurements. Table 12-1 summarizes several studies of groups of
lead-exposed subjects and notes what was done to deal with the above confounding factors.

Of particular note are the positive findings of decreased NCVs at blood lead levels of
30-50 ug/dl from a prospective occupational study by Seppalainen et al. (1983) in contrast to
the negative findings at blood lead levels of 60-80 ug/dl from a prospective study by Spivey
et al. (1980). Also contrasting are the results of two cross-sectional studies: Rosen et al.
(1983) observed significant slowing of NCVs as a function of average blood lead levels moni-
tored over 9 years, whereas Triebig et al. (1984) reported no apparent dose-effect relation-
ship on NCVs except at blood lead levels exceeding 70 ug/dl. Although Triebig et al. (1984)
did not examine.as many neurophysiological variables as Rosen et al. (1983), they did incor-
porate many more lead-exposed subjects (N = 133) compared to most occupational lead studies of
NCV. Triebig et al. (1984) also noted that the earlier findings of Seppalainen et al. (1975,
1979) were confounded by age effects, since their lead-exposed subjects were older than the
controls, but no correction was made for the normal slowing of NCV with increasing age.
However, even if one allows Na decline of approximately 2 m/sec in NCV for each 10 years' in-
crease in age (based on Triebig et al., 1984), the age differences in Seppalainen et al.
(1983) would not appear to be sufficient to account for the significant declines in NCV that
they found, except possibly at the four-year stage of their longitudinal study. Moreover,
Rosen et al. (1983) did include age as a covariate in their analyses and still found signi-
ficant effects of lead on NCV and other neurophysiological variables.

One difficulty in drawing conclusions from the studies presented in Table 12-1 is the
lack of consistency among studies, either in the nerves examined or in the significance of re-
sults obtained. No one nerve has been consistently used in all the studies dealing with lead
exposure and NCV measurements. Even when a particular nerve is singled out for consideration,
the results may not be in complete agreement. For example, Seppalainen et al. (1975, 1979)
initially found the ulnar slow fiber NCVs to be a sensitive indicator of lead-induced impair-
ment. But more recent work by Seppalainen et al. (1983) and some other investigators (e.g..
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TABLE 12-1. SUMMARY OF STUDIES ON NERVE CONDUCTION VELOCITY IN GROUPS OF LEAD-EXPOSED SUBJECTS

Mean blood lead,
ug/dl

Exp. Con.
Reference (range/tS.D. )

Seppalainen 16
et al. (1983) (7-30)

31
(13-48)

30
(13-48)

27
(17-37)

Corsi et al. 28
(1984) (max: 71-

180 4 yr
or more
earlier)

Johnson et al. 9 30(114)
r̂  (1980)
^ <* 56(±13)
ro

Seppalainen 34 actual
et al. (1979) 45 TWAT

(max: <70)

10
(1-21)

10
(7-18)

10
(5-21)

7
(4-12)

20

10(i4)

15(±6)

10

Exposure
period, yr.
(range/tS.D.)

0

1

2

4

7
(0.08-37)
(3-27 yr
since last
exposure)

2.4(±1.5)

12.4(tlO)

~8

No. of
subjects

NCV,
m/sec

Exp. Con. Nerve*

23 23 Med -
U ' Med -

Uln -
Uln -

23 23 Med -
Med -
Uln -
Uln -

15 15 Med -
Med -
Uln -
Uln -

10 10 Med -
Med -
Uln -
Uln -

38 23 Uln -
Uln -
Per -
Per -

45 31 Uln -
Per -

164 108 Uln -
Per -

61 34 Med -
Med -
Uln -
Uln -
Uln -
Per -
Tib -
Sur -

m
s
m
s
m
s
•
s
•
s
m
s
•
S
•
S

,
sf
m
sf

,
•
m
•
m
s
•
s
sf
•
p
s

Exp.

58.8
63.7
60.7
62.1
55.7
60.5
57.0
59.2
54.8
58.5
59.3
59.9
59.1
59.9
62.8
63.2

54.5
49.9
48.7
45.2

58.8
52.3
56.5
49.4

59.6
62.0
60.7
60.9
42.5
54.6
48.6
43.9

Con.

60.7
64.2
59.3
62.7
61.5
64.2
61.5
64.6
60.4
60.7
62.2
60.8
64.5
61.1
62.9
66.1

57.9
54.0
51.3
48.5

61.5
55.2
57.1
50.4

61.0
65.3
60.5
63.1
45.9
54.3
50.7
43.9

X
Diff.

-3
-1
+2
-1
-9
-6
-7
-8
-9
-4
-5
-2
-8
-2
0
-4

-6
-8
-5
-7

-4
-5
-1
-2

-2
-5
0
-4
-7
+1
-4
0

P

N.S.
N.S.
N.S.
N.S.
<0.01
<0.05
<0.01
<0.01
<0.02
N.S.
N.S.
N.S.
<0.05
N.S.
N.S.
N.S.

<0.05
<0. 005
<0.01
<0.005

N.S.
0.05
N.S.
N.S.

N.S.
<0.005
N.S.
N.S.
<0.005
N.S.
<0.0b
N.S.

Comments

Prospective study followed
workers from onset of
employment (0-yr expos. )
to 4 yr. Comparison
values for years 1-4
are for "high" and
"low" Exp. Ss with PbBs
above or below median
PbB (29-30 ug/dl).
Ulnar-sf NCV was measured
but not reported. Con.
group 1.5 yr older than
Exp. group at 0 and 1 yr;
0.7 yr younger at 2 yr;
4 yr younger at
4 yr.

Exp. group 2 yr older
than Con. Skin temperature
regulated. Multiple t-tests.

NCVs corrected for skin
temperature and age.

Exp. group ~4 yr older than
Con. Skin temperature
usually <0.5°C higher in
Exp. Ss. Ulnar-sf sig.
slower even for Ss whose
•ax. PbBs were <50 ug/dl.



TABLE 12-1. (continued)

Reference

Seppalainen
et al. (1975)

Verberk (1976)

Mean blood
(jg/dl

Exp.
(range/tS

40

lead,

Con.
.D.)

10-13
(28-65) (estimated)

40 20

Exposure
period, yr.
( range/lS. D.)

4.6
(1-17)

Overall

49 days

No. of NCV,
subjects

Exp.

26
25
26
26
25
25
26

= 56

10

Con.

26
8tl, •
26
22
23
26
19

= 25

9

n/sec
Nerve* Exp.

Hed -
Hed -
Uln -
Uln -
Uln -
Per -
Tib -

Uln -
Uln -

„
s
m
sf
s
m
m

•
sf

54.5
59.5
55.0
42.0
58.2
50.6
43.4

57.4
46.2

Con.

58.5
56.3
58.1
47.1
60.0
52.0
44.6

59.2
50.8

X
Diff.

-7
+6
-5
-11
-3
-3
-3

-3
-9

P

<0.005
N.S.
<0.01
<0.001
N.S.
N.S.
N.S.

N.S.
N.S.

Comments

Con. group values. ob-
tained from separate
studies.

Volunteers ingested Pb. No
Info, on skin temperature

Rosen et al.
(1983)

>40 <25
(•ax: >55) (max: 30)

(0.5-28)

Bordo et al.
(1982a,b)

Araki & Honma
(1976)

42(±12)
(avg. <50

during preced-
ing 24 mo. )

45
(29-73)

16(t3)

12

4
(0.5-10)

IB
(0.67-46)

15 16
(intermediate
PbB group
N = 8)

62 27

Uln -
Hed -
Fib -
Tib -
Uln -
Hed -
Sur -

Hed -
Hed -
Per -

m
•
m
m
sf
s
s
.
s
m

57.0
55.8
45.7
44.0
40.7
48.7
43.1

59.7
59.8
51.8

58.1
56.9
48.1
45.7
43.2
48.7
49.1

63.1
63.5
51.4

-2
-2
-5
-4
-6
0

-12

-5
-6
+ 1

N.S.
N.S.
0.019
N.S.
N.S.
N.S.
0.022

<0.01
<0.01
N.S.

19 39 Hed - •
Hed - «x
Tib - •

54.3
64.1
44.7

59.0
67.1
50.0

-8
-4
-11

<0.01
N.S.
<0.01

or age comparisons. Resi-
dual error > difference be-
tween groups; ulnar-sf NCVs
12-ltt faster in both
groups compared to pre-
exposure values.

NCV values adjusted for
age. Cumulative exposure
showed no apparent
effect.

ANACOVA included age as
covariate. Duration of
expos, showed no effect.

ROOM temperature mea-
sured, but not skin
temperature. No info.
on age of Con. Ss.



TABLE 12-1. (continued)

Mean blood lead,
Mg/dl

Reference

Reichenbach
(1979)

Repko et al.
(1978)

Persson et al.
(1979)

^ Jeyaratnam
ro et al. (1985)
01
*>

Nielsen et al.
(1982)

Araki et al.
(1980)

Exp. Con.
(range/iS.O. )

9 4b(±B)

<* 70(±15)

46
(<BO during
preceding
5yrs.)

39 current
(47 past
average)

49

51
(13-91)

52
(pre-

treatment)

19(t2)

22(tl4)

18

16-19
current
(26 past
average)

16

10
(6-16)

33
(post-
treatment)

Exposure No. of
period, yr. subjects
(range/tS.D. ) Exp.

5 9
(0.25-11) 9

9
7

Overall = ~T~

13 22
(3-28) 22

19
19

Overall = 22

9 80
(0.25-34) 79

21
36
37

20.2 58
(±9.3)

? 46

>9 89
62
86

Overall = §5

? 14

Con.

20
20 u '
18
16
20

20
20
19
19
20

43
44
29
29
28

58

64

21
14
21

= 21

N/A

Nerve*

Uln - m
Uln - sf
Rad - m
Rad - sf

Uln - m
Uln - sf
Rad - m
Rad - sf

Hed - m
Uln - m
Uln - s
Uln - sf
Tib - m

Hed - m
Uln - m
Uln - sf

Hed - m
Hed - s
Sur - s
Tib - m

Hed - m
Rad - m
Per - m

Hed - m

NCV,
m/sec %

Exp.

55.2
48.5
62.1
41.7

52.4
45.1
65.2
51.3

53.4
55.6
56.4
48.0
50.5

55.0
55.2
34.3

54.7
46.7
44.2
47.2

56
67
48

52

Con.

55.7
49.4
65.2
51.2

53.6
48.7
68.0
49.7

59.9
64.5
63.0
45.7
55.5

55.1
56.1
33.2

61.3
45.7
44.9
49.6

56
64
48

58

Oiff.

-1
-2
-5
-19

-2
-7
-4
»3

-11
-14
-10
+5
-9

0
-2
+3

-11
+2
-2
-5

0
+5
0

-11

P

N.
N.
N.
N.

N.
<0.
N.
N.

0.
0.
0.
N.
0.

N.
N.
N.

<0.
N.
N.
<0.

N.
N.
N.

<0.

S.
S.
S.
S.

S.
05
S.
S.

00003
00003
015
S.
0013

S.
S.
S.

0001
S.
S.
025

S.s.s.

01

Comments

Ulnar NCV values corrected
for skin temperature. Hale
groups age-matched, female
Exp. group 3 yr older than
Con. group. Although com-
bined radial-sf values not
reported as statistically
significant, difference be-
tween female groups for
radial-sf NCVs appears to
be significant despite high
variance.

Skin temperature controlled
and corrected for data
analysis. Only sig. corre-
lation between PbB and NCV
was for ulnar-m.

Exp. group ~3 yr older than
Con. group. No info, on
skin temperature.

Con. values obtained from
separate independent study.
Room temperature and skin
Impedance controlled, but
not skin temp.

Mean age of Exp. and
Con. groups equal, but
no info, on subsets of
Ss used in different
NCV tests.

Exp. Ss treated with ED1A
to reduce PbB; no sepa-
rate Con. group. Difference
between Exp. and Con.
values reflects change over
1-mo to 3-yr period after
EOTA treatment.



TABLE 12-1. (continued)

I
cr>

Reference

Paulev et al.
(1979)

Triebig et al .
(19B4)

Ashby (1980)

Singer et a).
(1983)

Spivey et al.
(1980)

Sborgia et al.
(1983)

Mean blood lead,
ug/dl

Exp. Con.
( range/lS. D. )

53 11
(±16) (±4)

53 actual <20
(22-90)
54 TWA2

60 ?

58(116) 24(114)
(max: <80)

60 ?
(±17)

60 22
(±11.9) (±6.2)

66 28
(±12.5) (±8.4)

63 24
(119.0) (±7.4)

Exposure No. of
period, yr. subjects
(range/lS.D. ) Exp. Con. Nervi

12.9 mo 32 14 Uln -
(2-37 mo) U, • Uln -

11 133 66 Uln -
(1-28) Uln -

Uln -
Med -

0.5-33 94 94 Uln -
Med -
Rad -
Per -
Uln -

<2 13 13 Uln -
Med -
Rad -
Per -

10.6 37 26 Med -
(0.5-28) 35 24 Med -

25 13 Per -
24 20 Sur -

Overall = 4~5 31

£1 55 31 Uln -
Uln -
Per -

1-1.5 yr later 55 31 Uln -
Uln -
Per -

7.84 31 35 Med -
Med -
Med -
Med -
Uln -
Pop -
Tib -

B*

•df)
m(rt)

m
s
s(d)
"
.
•
m
m
s

.
n
•
•
„
s
m
s

H
sf
•
m
sf
m
B
sf
s(d)
s(p)
H
•
•

NCV,
m/sec

Exp.

58.8
58.8

58.3
52.3
45.5
46.1

53.4
55.9
63.9
46.1
57.5

55.1
58.4
58.1
46.6

56.1
42.9
49.0
37.8

55.5
45.5
52.3
56.2
45.3
50.5
55.4
50.1
63.4
61.2
55.0
49.3
48.7

Con.

55.3
53.7

59.2
53.1
47.5
47.1

55.6
57.3
71.7
47.6
57.9

58.0
59.8
74.1
49.9

57.6
46.8
49.2
42.8

56.0
46.9
51.5
53.1
44.1
48.9
56.6
49.7
62.7
61.0
54.5
50.0
46.4

X
Diff.

+6
+9

-2
+2
-4
-2

-4
-2
-11
-3
-1

-5
-2
-22
-7

-3
-8
0

-12

-1
-3
+2
+6
+3
+3
-2
+1
+1
0
+1
-1
+5

P

N.S.
N.S.

N.S.
N.S.
SO. 05
SO. 05

<0.0005
<0.01
<0.0005
<0.005
N.S.

<0.05
N.S.
<0.005
<0.05

0.36
0.006
0.87
.0.0004

N.S.
N.S.
N.S.
0.027
N.S.
N.S.
N.S.
N.S.
N.S.
N.S.
N.S.
N.S.
N.S.

Comments

Room temperature con-
trolled; no info, on skin
temperature. Groups com-
parable in height, weight,
and age range.

Analysis of subgroupings
of Exp. Ss by PbB indicated
that effects primarily
seen at £70 ug/dl.

Anomalous pos. correlation
observed between ulnar-ra
NCV and PbB; possibly
sig. due to use of multiple
t-tests. Skin temperature
of Con. Ss < Exp. Ss.

Separate analysis of
subset of Ss from main
study; limited to new
employees of <2 yr.

Adjustment of NCVs for
age and skin temperature
increased statistical
significance of effects;
for Ss exposed >10 yr,
•edian-m NCV also sig-
nificantly slower.

Exp. group 2.8 yr
older than Con. group.
Sig. (<0.05) neg. corr.
between ulnar-m NCV
and age. Room and skin
temperature controlled.
NCVs corrected for skin
temperature. Regression
analysis showed no sig.
effect of max. or past
avg. PbB, but max. ZPP
showed sig. association
with ulnar NCV.



TABLE 12-1. (continued)

Reference

Baker et al.
(1984)

Feldman et al.
(1977)

Englert (1980)

Vasilescu (1973)

Melgaard et al.
(1976)

Catton et al.
(1970)

Buchthal &
Behse (1979)

Mean nlood lead,

Fxp Con.
(range/iS.O. )

(60-80) (0-20)

70 ?
(18-110)

71
(max: 140)

72 ?
(27-180)

78 -19
(38-125) (2-36)

(40-120+) ?

(70-140) ?
(max.
during

preceding
year)

Exposure No. of
period, yr. subjects
(range/tS.D. ) Exp. Con. Nerve*

-2-3 5 20 Uln - m
{0-20} (intermediate^- Uln - s

PbB groups Per - m
N = 92) Sur - s

? 19 25 Per - m

? 99 0 Uln - n
Uln - sf

? 50 30 Med -
Uln -
Per -
Rad -

? 20 12 Per -
Uln -
Uln - s

(0.4-13) 19 17 Pop - m
Pop - s

(0.33-33) 20 ? Med - •
Med - s
Per - m
Sur - s

NCV,
•/sec

Exp.

63.4
55.1
52.6
45.4

45.0

58.8
-47

55.6
56.6
46.1
44.8

48.7
55.0

-57.0

49.9
57.1

58.1
63.7
50.1
50.7

Con.

62.5
51.8
50.8
48.7

54.1

-
-

57.2
57.3
60.5
49.8

-50
-58
-54

49.6
56.3

63.6
67.1
51.0
54.6

X
Diff.

+1
+6
+4
-7

-17

-
-

-3
-1
-24
-10

-3
-5
+6

0
*1

-9
-5
-2
-7

P

N.S.
0.02
N.S.
0.03

<0.02

N.S.
N.S.

0.05
0.05
0.05
0.05

7

?
?

N.S.
N.S.

<0.001
<0.01
N.S.
<0.001

Comments

p-values refer to an
exposure coefficient
(based on 12-mo TWA2)
in a multiple linear
regression model allowing
for age, height, weight.
and skin temperature across
al 1 PbB groups.

No info, on Con. Ss or on
ages of Exp. Ss. Skin
temperature not control led.

No sig. correlation be-
tween NCV and PbB, -but
sig. slowing at high ALA-U
levels. NCV corrected for
age, skin temperature,
and body height.

P values as reported. No
info, on skin temperature.
Exp. group about 2 yr
younger than Con. group.

Con. values estimated from
info, in report. NCVs
corrected for skin tempera-
ture but not age. Ss
exposed to other metals
besides Pb.

Only sig. difference be-
tween groups was in ratio
of knee and ankle muscle
action potentials.

No histological evidence
of abnormality in sural
nerve. No info, on how
Con. values obtained.
but said to be matched
for age.

*Med = median; Uln = ulnar; Per = peroneal; Tib = posterior tibial; Sur = sural; Fib = fibular; Pop = lateral popliteal;
m = motor; s = sensory; mx = mixed; sf = slow fibers; If = left; rt = right; d = distal; p = proximal.

tTWA = time-weighted average.



Rosen et al., 1983; Spivey et al., 1980) has failed to find significant effects with ulnar
slow fibers. Nevertheless, the preponderance of effects has been in the negative direction,
as reflected in the column of Table 12-1 showing the percent differences in NCVs between
lead-exposed and referent groups. Moreover, of the various nerves examined, the most con-
sistently decreased NCVs appear to involve the median motor nerve. Recent experimental work
with rats may help explain this finding. Bouldin et al. (1985) found that lead-treated rats
showed a greater susceptibility to demyelination in the sciatic nerve (a mixed nerve contain-
ing a large number of motor fibers) than in the sural nerve (a sensory nerve). Given the
dependence of nerve conduction on the functional integrity of the nerve's myelin sheath, this
difference in susceptibility would help explain the variability in results of NCV studies
examining different types of nerves and is consistent with the emergence of the median motor
nerve as the most prevalent indicator of reduced NCV in the studies listed in Table 12-1.

A problem inherent in nearly all NCV studies has been the lack of experimental manipula-
tion of the presumed cause of lowered conduction velocities. Of interest in this regard is
the study of Araki et al. (1980), in which median motor NCVs were measured before and after
blood lead levels were lowered through chelation therapy. The investigators found that, de-
pending on a worker's initial NCV and the amount of change in blood lead level achieved
through chelation, significantly improved nerve conduction was measured in 7 of 14 lead-
exposed workers- For all subjects considered together, the increase in NCV correlated sig-
nificantly with the decrease in blood lead level (r = -0.573, p <0.001). The work of Araki et
al. (1980), as well as case studies reported by Feldman et al. (1977), indicate that lead-
induced impairment of nerve conduction is reversible, at least in part, by a reduction in
blood lead levels through chelation therapy. Although helpful in establishing a causal con-
nection between lead exposure and peripheral nerve function, these studies have not resolved
the dispute over whether such effects merely reflect mild, fully reversible impacts of lead
(Buchthal and Behse, 1981) or are true early warning signals of progressively more serious
neuropathy in otherwise undiagnosed lead intoxication (Feldman et al., 1977; Seppalainen and
Hernberg, 1980).

Taken as a whole, the studies reviewed here indicate the likelihood of NCV effects at
blood lead levels below 70 ug/dl, possibly even as low as 30 pg/dl, although further prospec-
tive studies are needed to characterize these levels definitively. It is important to note
that even though many of the observed changes in NCV may fall within the range of normal
variation, these studies show significant effects in groups of subjects, not just individual
subjects. Thus, these effects clearly represent departures from normal neurological func-
tioning and should be seriously considered for their potential health significance.
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12.4.2.1.3 Other Hypothesized Neurotoxic Effects of Lead in Adults. There are several case
reports of previous overexposure to heavy metals, e.g. lead, in amyotrophic lateral sclerosis
(ALS) patients and patients dying of motor neuron disease (MND). These reports have led to
hypotheses concerning the relationship between such neurotoxic syndromes and lead exposure.
Conradi et al. (1976, 1978a,b, 1980), for example, found elevated lead levels in the cerebro-
spinal fluid of ALS patients as compared with controls. In addition, Kurlander and Patten
(1979) found that lead levels in spinal cord anterior horn cells of MND patients were nearly
three times that of control subjects and that lead levels correlated with illness durations;
despite chelation therapy for about a year, high lead levels remained in their tissue. On the
other hand, certain other studies (e.g., Manton and Cook, 1979; Stober et al., 1983) have not
found evidence to support an association of lead exposure with ALS. Thus, the evidence for
possible pathogenic significance of lead in ALS and motor neuron disease is at best mixed at
this time and the issue needs to be further explored by future research.
12.4.2.2 Neurotoxic Effects of Lead Exposure in Children.
12.4.2.2.1 Overt lead intoxication in children. Symptoms of encephalopathy similar to those
that occur in adults have been reported to occur in infants and young children (Prendergast,
1910; Oliver, 1911; Blackfan, 1917; McKhann and Vogt, 1926; Giannattasio et al., 1952;
Cumings, 1959; Tepper, 1963; Chisolm, 1968), with a markedly higher incidence of severe en-
cephalopathic symptoms and deaths occurring among them than in adults. This may reflect the
greater difficuRy in recognizing early symptoms in young children, thereby allowing intoxica-
tion to proceed to a more severe level before treatment is initiated (Lin-Fu, 1973). In
regard to the risk of death in children, the mortality rate for encephalopathy cases was ap-
proximately 65 percent prior to the introduction of chelation therapy as standard medical
practice (Greengard et al., 1965; National Academy of Sciences, 1972; Niklowitz and Mandybur,
1975). The following mortality rates have been reported for children experiencing lead en-
cephalopathy since the inception of chelation therapy as the standard treatment approach: 39
percent (Ennis and Harrison, 1950); 20-30 percent (Agerty, 1952); 24 percent (Mellins and
Jenkins, 1955); 18 percent (Tanis, 1955); and 5 percent (Lewis et al., 1955). These data, and
those tabulated more recently (National Academy of Sciences, 1972), indicate that once lead
poisoning has progressed to the point of encephalopathy, a life-threatening situation clearly
exists and, even with medical intervention, is apt to result in a fatal outcome. Historically
there have been three stages of chelation therapy. Between 1946 and 1950, dimercaprol (BAL)
was 'jsed. From 1950 to 1960, calcium disodium ethylenediaminetetraacetate (CaNa2EDTA) com-
pletely replaced BAL. Beginning in 1960, combined therapy with BAL and CaNa2EDTA (Chisolm,
1968) resulted in a very substantial reduction in mortality.
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Determining precise values for lead exposures necessary to produce acute symptoms, such
as lethargy, vomiting, irritability, loss of appetite, dizziness, etc., or later neurotoxic
sequelae in humans is difficult in view of the usual sparsity of data on environmental lead
exposure levels, period(s) of exposure, or body burdens of lead existing prior to manifesta-
tion of symptoms. Nevertheless, enough information is available to permit reasonable esti-
mates to be made regarding the range of blood lead levels associated with acute encephalo-
pathic symptoms or death. Available data indicate that lower blood lead levels among children
than among adults are associated with acute encephalopathy symptoms. The most extensive com-
pilation of information on a pediatric population is a summarization (National Academy .of
Sciences, 1972) of data from Chisolm (1962, 1965) and Chisolm and Harrison (1956). This data
compilation relates occurrence of acute encephalopathy and death in children in Baltimore to
blood lead levels determined by the Baltimore City Health Department (using the dithizone
method) between 1930 and 1970. Blood lead levels formerly regarded as "asymptomatic" and
other signs of acute lead poisoning were also tabulated. Increased lead absorption in the
absence of detected symptoms was observed at blood lead levels ranging from 60 to 300 ug/dl
(mean = 105 ug/dl). Acute lead poisoning symptoms other than signs of encephalopathy were
observed from approximately 60 to 450 ug/dl (mean = 178 ug/dl). Signs of encephalopathy
(hyperirritability, ataxia, convulsions, stupor, and coma) were associated with blood lead
levels of approximately 90 to 700 or 800 ug/dl (mean = 330 ug/dl). The distribution of blood
lead levels associated with death (mean = 327 ug/dl) was essentially the same as for levels
yielding encephalopathy. These data suggest that blood lead levels capable of producing death
in children are essentially identical to those associated with acute encephalopathy and that
such effects are usually manifested in children starting at blood lead levels of approximately
100 ug/dl. Certain other evidence from scattered medical reports (Gant, 1938; Smith et al.,
1938; Bradley et al., 1956; Bradley and Baumgartner, 1958; Cumings, 1959; Rummo et al., 1979),
however, suggests that acute encephalopathy in the most highly susceptible children may be
associated with blood lead levels in the range of 80-100 ug/dl. These latter reports are
evaluated in detail in the 1977 ERA document Air Quality Criteria for Lead (U.S. ERA, 1977).

From the preceding discussion, it can be seen that severity of symptoms varies widely for
different adults or children at increasing blood lead levels. Some show irreversible CNS
damage or death at blood lead levels around 100 ug/dl, whereas others may not show any of the
usual clinical signs of lead intoxication even at blood lead levels in the 100-200 ug/dl or
higher range. This diversity of response may be due to the following: (1) individual bio-
logical variation in lead uptake or susceptibility to lead effects; (2) changes in blood lead
values from the time of initial damaging intoxication; (3) greater tolerance for a gradually
accumulating lead burden; (4) other interacting or confounding factors, such as nutritional
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state or inaccurate determinations of blood lead; or (5) lack of use of blind evaluation pro-
cedures on the part of the evaluators. It should also be noted that a continuous gradation of
frequency and severity of neurotoxic symptoms extends into the lower ranges of lead exposure.

Morphologica-1 findings vary in cases of fatal lead encephalopathy among children
(Blackman, 1937; Pentschew, 1965; Popoff et al., 1963). Reported neuropathologic findings are
essentially the same for adults and children. On macroscopic examination the brains are often
edematous and congested. Microscopically, cerebral edema, altered capillaries (endothelial
hypertrophy and hyperplasia), and perivascular glial proliferation often occur. Neuronal
damage is variable and may be caused by anoxia. However, in some cases gross and microscopic
changes are minimal (Pentschew, 1965). Pentschew (1965) described neuropathology findings for
20 cases of acute lead encephalopathy in infants and young children. The most common finding
was activation of intracerebral capillaries characterized by dilation of the capillaries, with
swelling of endothelial cells. Diffuse astrocytic proliferation, an early morphological re-
sponse to increased permeability of the blood-brain barrier, was often present. Concurrent
with such alterations, especially evident in the cerebellum, were changes that Pentschew
(1965) attributed to hemodynamic disorders, i.e., ischemic changes manifested as cell
necrosis, perineuronal incrustations, and loss of neurons, especially in isocortex and basal
ganglia.

Attempts have been made to better understand brain changes associated with encephalopathy
by studying animal models. Studies of lead intoxication in the CNS of developing rats have
shown vasculopathic changes (Pentschew and Garro, 1966), reduced cerebral cortical thickness
and reduced number of synapses per neuron (Krigman et al., 1974a), and reduced cerebral axonal
size (Krigman et al. , 1974b). Biochemical changes in the CNS of lead-treated neonatal rats
have also demonstrated reduced lipid brain content but no alterations of neural lipid composi-
tion (Krigman et al., 1974a) and a reduced cerebellar UNA content (Michaelson, 1973). In
cases of lower level lead exposure, subjectively recognizable neuropathologic features may not
occur (Krigman, 1978). Instead there may be subtle changes at the level of the synapse
(Silbergeld et al., 1980a) or dendritic field, myelin-axon relations, and organization of
synaptic patterns (Krigman, 1978). Since the nervous system is a dynamic structure rather
than a static one, it undergoes compensatory changes (Norton and Culver, 1977), maturation and
aging (iotelo and Palay, 1971), and structural changes in response to environmental stimuli
(Coss and Glohus, 1978). Thus, whereas massive structural damage in many cases of acute en-
cephalopdthy '.vould be expected to cause lasting neurotoxic sequelae, some other CNS effects
due to severe early lead insult might be reversible or compensated for, depending upon age and
duration of toxic exposure. This raises the question of whether effects of early overt lead
intoxication ire reversible beyond the initial intoxication or continue to persist.
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In cases of severe or prolonged nonfatal episodes of lead encephalopathy, there occur
neurological sequelae qualitatively similar to those often seen following traumatic or infec-
tious cerebral injury, with permanent sequelae being more common in children than in adults
(Mellins and Jenkins, 1955; Chisolm, 1962, 1968). The most severe sequelae in children are
cortical atrophy, hydrocephalus, convulsive seizures, and severe mental retardation (Mellins
and Jenkins, 1955; Perlstein and Attala, 1966; Chisolm, 1968). Children who recover from
acute lead encephalopathy but are re-exposed to lead almost invariably show evidence of per-
manent central nervous system damage (Chisolm and Harrison, 1956). Even if further lead expo-
sure is minimized, 25-50 percent show severe permanent sequelae, such as seizure disorders,
blindness, and hemipares is (Chisolm and Barltrop, 1979).

Lasting neurotoxic sequelae of overt lead intoxication in children in the absence of
acute encephalopathy have also been reported. Byers and Lord (1943), for example, reported
that 19 out of 20 children with previous lead poisoning later made unsatisfactory progress in
school, presumably due to sensorimotor deficits, short attention span, and behavioral dis-
orders. These latter types of effects have since been confirmed in children with known high
exposures to lead, but without a history of 1 ife-threatening forms of acute encephalopathy
(Chisolm and Harrison, 1956; Cohen and Ahrens, 1959; Kline, 1960). Perlstein and Attala
(1966) also reported neurological sequelae in 140 of 386 children (37 percent) following lead
poisoning withoul encephalopathy. Such sequelae included mental retardation, seizures, cere-
bral palsy, optic atrophy, and visual-perceptual problems in some children with minimal intel-
lectual impairment. The severity of sequelae was related to severity of earlier observed
symptoms. For 9 percent of those children who appeared to be without severe symptoms at the
time of diagnosis of overt lead poisoning, mental retardation was observed upon later follow-
up. Since no control group was included in their study, one may question whether the neuro-
logical effects observed by Perlstein and Attala (1966) were persisting effects of earlier
overt lead intoxication without encephalopathy; however, it is extremely unlikely that 37 per-
cent of any randomly selected control group from the general pediatric population would exhi-
bit the types of neurological problems observed by Perlstein and Attala (1966).

Numerous studies (Cohen et al., 1976; Fejerman et al., 1973; Pueschel et al., 1972; Sachs
et al. , 1978, 1979, 1982) suggest that, in the absence of encephalopathy, chelation therapy
may ameliorate the persistence of neurotoxic effects of overt lead poisoning (especially cog-
nitive, perceptual, and behavioral deficits). On the other hand, one recent study found a
residual effect on fine motor performance even after chelation (Kirkconnell and Hicks, 1980).

In summary, pertinent literature definitively demonstrates that lead poisoning with
encephalopathy results in a greatly increased incidence of permanent neurological and cogni-
tive impairments. Also, several studies further indicate that children with symptomatic lead
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poisoning in the absence of encephalopathy also show a later increased incidence of neurologi-
cal and behavioral impairments.
12.4.2.2.2 Non-overt lead intoxication in children. In addition to neurotoxic effects asso-
ciated with overt lead intoxication in children, substantial evidence indicates that lead ex-
posures not leading to overt lead intoxication in children can induce neurological dysfunc-
tions. This issue has attracted much attention and generated considerable controversy during
the past 10-15 years. However, the evidence for and against the occurrence of significant
neurotoxic deficits at relatively low levels of lead exposure has been quite mixed and largely
interpretable only after a thorough critical evaluation of methods employed in the various
important studies on the subject. Based on five of the criteria listed earlier (i.e., ade-
quate markers of exposure to lead, sensitive measures, appropriate subject selection, control
of confounding covariates, and appropriate statistical analysis), the population studies sum-
marized in Table 12-2 were conducted rigorously enough to warrant at least some consideration
here. Even so, no epidemiological study is completely flawless and, therefore, overall inter-
pretation of such findings must be based on evaluation of the following: (1) the internal
consistency and quality of each study; (2) the consistency of results obtained across inde-
pendently conducted studies; and (3) the plausibility of results in view of other available
information.

Rutter (1980) has classified studies evaluating neurobehavioral effects of lead exposure
in non-overtly lead intoxicated children according to several types, including four categories
reviewed below: (1) clinic-type studies of children thought to be at risk because of high
lead levels; (2) other studies of children drawn from general (typically urban or suburban)
pediatric populations; (3) samples of children living more specifically in close proximity to
lead emitting smelters; and (4) studies of mentally retarded or behaviorally deviant children.
Major attention is accorded here to studies falling under the first three categories. A
cinal section discusses some initial results beginning to emerge from long-term prospective
studies, which attempt to relate effects on early neuropsychological development and later
neuropsychologic functioning to lead exposure histories for children documented back to birth
or even prenatally.

12.4.2.2.2.1 Clinic-type studies of children with high lead levels. The clinic-type
studies are generally typified by evaluation of children with relatively high lead body bur-
dens as identified through lead screening programs or other large-scale programs focusing on
•nother-infant health relationships and early childhood development.

Os la Burde and Choate (1972) observed neurological dysfunctions, fine motor dysfunction,
'mpaired concept formation, and altered behavioral profiles in 70 preschool children exhibit-
ing pica and elevated blood lead levels (in all cases above 30 ug/dl; mean = 59 ug/dl) in com-
panson with matched control subjects not engaging in pica. Subjects were drawn from the
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TABLE 12-2. SUMMARY OF STUDIES OH NEUROBEHAVIORAL FUNCTIONS OF LEAD-EXPOSED CHILDREN"

Population
Reference studied N/group

Age at Blood lead,
testing, yr ug/dl Psychometric
(range) (range or tS.D.) tests employed Summary of results

Levels of .
significance

Clinic-type studies of children with high lead levels

de la Burde and Inner city C = 72
Choate (1972) (Richmond, VA) Pb = 70

de la Burde and Follow-up C = 67
Choate (1975) same subjects Pb = 70

4.0 U • ?c IQ (Stanford-
4.0 58 (30-100)° Binet) X

Fine motor
Gross motor
Concept formation
Behavior profile

7-8 PbT: 112 ug/g WISC Full Scale
7-8 202 ug/9 IQ X

Verbal IQ
Performance IQ
Bender-Gestalt
Reading
Spelling
Arithmetic

Score:
subnormal

Score:
subnormal

Goodenough-Harris draw test

Rumno (1974); Inner city C = 45
Rummo et al. (Providence, RI) Pb, = 15
(1979) Pb2 = 20

Pbj = 10

Kotok (1972) Inner city C = 25
(New Haven, CT) Pb = 24

Kotok et al. Inner city C = 36
(19/7) (Rochester, NY) Pb = 31

Auditory vocal assoc
Tactile recognition
Behavior profile

5.8 23 (±8) McCarthy Scales:
56 it d\ 61 (±?) Gen cognitive
5.6 14~*' 68 (±13) Verbal
5.3 88 (±41) Perceptual

Quantitative
Memory
Motor
Parent ratings
Neurologic exam

2.7 (1.1-5.5) 38 (20-55) Denver Develop-
2.8 (1.0-5.8) 81 (58-137) mental:

Gross motor
Fine motor
Language

3.6 (1.9-5.6) 28 (11-40) IQ Equivalent:
3.6 (1.7-5.4) 80 (61-200) Social

Spatial
Spoken vocal.
Info-comprehension
Visual attention
Auditory memory

C
93
46
48
45
47
52
8
7/12

Norm
1.00fi.oo;
l.OO1

C

:e 10
26
7
10
10

:e ̂
9
13
27
7
11
7
1
13
3
3

Pb,
94
46
49
44
46
52
10

measures

C
1.02
0.82
0.82

C
126
101
93
96
93
100

Pb
89
25
45
16
15
30

87
24
18
24
49
12
16
12
13
31
15
25

Pb2
88
44
46
41
43
50
10
sig.

Pb
1.06
0.81
0.73

Pb
124
92
92
94
90
93

Pb3
77
37
38
35
36
40
18

<0.0b
<0.05
N.S.
N.S.

<0.01

0.01
N.S.
N.S.
0.01
N.S.
N.S.
N.S.
0.02
0.01
0.05
0.001

<0.01
<0.05
<0.05
<0.01
<0.01
<0.01
<0.01

different

f
f

N.S
<O.OlJ
<0.01T

>0.10
<0.10
>0.10
>0.10
>0.10
>0.10



TABLE 12-2. (continued)

Age at
Population testing, yr

Reference studied N/group (range)

Perino and - Inner city Low Pb = SO 3-6
Ernhart (1974) (New York, NY) Nod. Pb = 30 3-6

Ernhart it al. Follow-up same Low Pb = 31 8-13
(1981)' subjects Mod. Pb = 32

General Population Studies
Need 1 e«aa et al. Urban C = 100 7
(1979)" (Boston, MA) Pb = 58 7

McBride et al. Urban/suburban Low Pb = >100 4/5
(1982) (Sydney, Australia) Mod. Pb = >100 4/5

Blood lead,
ug/dl Psychometric Levels of

(range or 1S.D.) tests employed Summary of results significance

10-30 McCarthy Scales:
40-70 Gen. cognitive
U . Verbal

Perceptual
Quantitative
Memory
Motor

21 (±4)9 McCarthy Scales:
32 (±5) Gen. cognitive

Verbal
Perceptual
Quantitative
Memory
Motor
Reading tests
Conners teacher ratings
Various experimental tests

PbT: <10 ppa' WISC Full Scale IQ
>20 ppm Verbal IQ

Performance IQ
Seashore Rhythm Test
Token Test
Sentence Repetition Test
Delayed Reaction Time C
Teacher Ratings

2-9 ug/dl Peabody Picture
19-29 g/dl Vocab. Test

Fine Motor Tracking C >
Pegboard
Tapping Test
Beam Walk
Standing Balance C >
Rutter Activity
Scale

Low Mod.
90 80
44 39
44 37
48 44
45 42
46 42

Low Mod.
94 82
48 41
43 40
43 38
44 39
49 46
Not Reported
Not Reported
Not Reported

C DKPD
106.6 102.1
103.9 99.3
108. 7 104.9
21.6 19.4
24.6 23.6
12.6 11.3

> Pb on 3/4 blocks
9.5 8.2

Low Mod.
-105 -104

Pb 1/4 comparisons
-20 -20
-30 -31
-5 ~4

Pb 1/4 comparisons
-1.9 -2.1

<0.01
<0.05
<0.05
N.S.
N.S.
N.S.

<0.05
<0.05
N.S.
N.S.
N.S.
<0.05
N.S.
N.S.
N.S.

0.03
0.06
0.12
0.002
0.09
0.04
<0.01
0.02

N.S.
<0.05
N.S.
N.S.
N.S.
<0.05
N.S.



TABLE 12-2. (continued)

Reference

Yule et al.
(1981)

Yule et al.
(1984)

Population
studied

Urban
(London, England)

Same subjects
in Yule et al.
(1981)

Age at
testing, yr

N/group (range)

Group
Group
Group
Group

1 = 34 9
2 = 48 9 ,, m
3 = 49 8 {6 1Z)
4 = 35 8

Same Same

Blood lead,
ug/dl

(range or ±S.D. )

8.8J (7-10)
U-6
14.5
19.6

(11-12)
(13-16)
(17-32)

Same

Psychometric
tests employed Summary

Group: 1
WISC-R Full Scale IQ
Verbal IQ
Performance IQ

Vernon Spelling Test
Vernon Math Test .
Neale Reading Accuracy
Neale Reading Compre.

Needleman Teacher
Ratings

Conners Teacher

103
101
106
104
97
121
117

1.53
(4/11

0.

2
103
101
103
98
97
110
110

1.54
items
26

Levels of .
of results significance

3
96
95
98
92
95
96
95

2.45

4
96
94
99
89
95
89
88

2.63

0.027
0.043
0.102
0.001
N.S.
0.001
0.001

0.096
sig. different)

0.37 0.04
Ratings

Rutter Teacher

Lansdown et al.
(1986)

Urban
(London, England)

Low = 80
High = 82

7-12
13-24

Smith et al.
(1983)

Urban
(London, England)

High = 155
Med = 103
Low = 145

6,7
6,7
6.7

PbT £8.0
PbT = 5-5.5
PbT < 2.5
(All in ug/g)
X PbB = 13.1
ug/dl

Ratings, Including (5/26 itc
"Overactivity" 6%
factor

WISC-R Full Scale
Verbal IQ
Performance IQ
Neale Reading Accuracy
Neale Reading Comprehension
Vernon Spelling
Vernon Math

WISC-R Full Scale
Verbal IQ
Performance IQ

Word Reading Test
Seashore Rhythm Test
Visual Sequential Memory
Sentence Memory
Shape Copying
Mathematics
Mean Visual RT (sees)
Conners Teacher Ratings

(3/4 factors sig. at p <0.05)
(2/26 items sig. at p <0.05)

is differ at 0.05<p<0.
4X 20X 17%

10)

Low
107
104
108
115

in 113
101
100

Low Med
107 105
105 103
108 106
45 42
21 20
20 19
9 9
14 14
16 15
0.37 0.37
11 11

High
105
103
106
112
109
99
99

High
105
103
106
40
20
20
9
14
15
0.39
13

0.04

N.S.
N.S.
N.S.
N.S.
N.S.
N.S.
N.S.

N.S.

N.S.
N.S.
N.S.



TABLE 12-2. (continued)

Population
Reference studied N/group

Harvey et al. Urban 189
(1983. 1984) (Birmingham, England)

Silva et al. (1986b) Urban 579
(Ounedin, New Zealand)

ro Schroeder et al. Rural/urban 104
-ij (1985) (Wake County,
cr> North Carolina)

Follow-up same 50
subjects

Schroeder and Rural/urban 75
Hawk (1986) (Lenoir and

Hanover Counties,
North Carolina

Smelter Area Studies
Landrigan et al. Smelter area C = 78
(1975) (El Paso, TX) Pb = 46

Age at Blood lead,
testing, yr pg/dl Psychometric
(range) (range or IS.O.) tests employed

2.5 15.5 (6-30) British Ability Scales
Naming
Recall

' Comprehension
Recognition
IQ

Stanford-Binet I teas
Shapes
Blocks
Beads
Playroom Activity

11 11.1 (4-50) WISC-R Full Scale IQ
Performance IQ
Verbal

Rutter Behavior Rating
Parent
Teacher

Inattention Rating
Parent
Teacher

Hyperactivity Rating
Parent
Teacher

Burt Reading Test

<2.5 or >2.5 6-59 Bayley HDI or Stanford-
(0.8-6.5) Blnet

6-12 £30 Stanford-Binet

2 21 (6-47) Stanford-Binet

9.3 ,, ft 1S „, <40 WISC Full Scale IQ*
8 3 l3 8 lb 9) 40-68 WPPSI Full Scale IQn

WISC + WPPSI Combined
WISC + WPPSI Subscales

Neurologic testing

Levels of .
Summary of results significance

Regression F Ratio
<1
1.26
<1
<1
<1

<1
2.34
2.46
?

r = -0.06
= -0.03
= -0.05

R2 Incrs. by Pb
OT 1.3B
0.10 1.23

0.24 0.26
0.25 1.51

0.12 1.01
0.12 0.82
0.43 0.28

Regression analysis
of sources for IQ
effect:
Lead: F = 7.689
SES: F = 20.159

Lead: F <1

Regression analysis of
IQ against:
Current PbB: F = 12.31
Max. PbB: F = 10.55
Mean PbB: F = 10.08

C Pb
93 89
91 86
93 68

C > Pb on 13/14 scales
7/14 scales slg. different
C > Pb on 7/8 tests

1/8 tests sig. different

N.S.
N.S.
N.S.
N.S.
N.S.

N.S.
N.S.
N.S.
N.S.

N.S.
N.S.
N.S.

0.003
0.008

N.S.
0.001

0.015
0.028
N.S.

<0.01
<0.001

N.S.

< 0.0008
< 0.0018
<0.002

N.S.
N.S.
N.S.

<0.05

<0.01



TABLE 12-2. (continued)

Age at
Population testing, yr

Reference studied N/group (range)

HcNeil and Ptasnik Smelter area C = 37 9 ,, „ 1(n
(1975) (El Paso. TX) Pb = 101 9 u u"lo)

Ratcliffe (1977) Shelter area Nod. Pb = 23 4.7 (4.1-5.6)
(Manchester, Hi Pb = 24 4.8 (4.2-5.4)
England)

Winneke et al. Smelter area C = 26 8
(1982a) (Duisburg, FRG) Pb = 26 8

Winneke et al. Shelter area 89 9.4
(1983) (Stolburg, FRG)

Blood lead,
pg/dl Psychometric

(range or iS.D.) tests employed Summary of results

29 (14-39) McCarthy General
58 (40-93) Cognitive

"•' WISC-WAIS Full Scale
1Q

Oseretsky Motor Level
California Person-

ality C >
Frostig Perceptual
Quotient

Finger-Thumb
Apposition

28 (18-35) Griffiths Mental Dev.
44 (36-64) Frostig Visual

Perception
Pegboard Test
Dominant hand
Nondominant hand

PbT = 2.4 ppmh German WISC Full Scale
PbT = 9.2 ppm Verbal 1Q

No PbB Performance 1Q
Bender Gestalt Test
Standard Neurological Tests
Conners Teacher Ratings

C Pb
82 81

89 87
101 97

Pb, 6/10 items

100 103

27 29

Mod. High
108 102

14.3 11.8

17.5 17.3
19.5 19.8

C Pb
122 117
130 124
130 123
17.2 19.6
2.7 7.2
? ?

Levels of .
significance

N.S.

N.S.
N.S.

<0.05

N.S.

N.S.

N.S.

N.S.

N.S.
N.S.

N.S.
N.S.
N.S.
<0.05
N.S.
N.S.

PbT: 6.16 ppnh German WISC X Variance Due to PbT
PbB: 14.3 Mg/dl Full Scale 1Q

Verbal IQ
Performance IQ
Bender Gestalt Test
Standard Neurological Tests
Conners Teacher Ratings
Wiener Reaction Performance

-0.0
-0.5
+0.6
+2.1
+1.2
0.4-1.3
+2.0

N.S.
N.S.
N.S.
<0.0b

N.S.
N.S.
N.S.



1ABLE 12-2. (continued)

Reference

Winneke et ai
(1984)

Age at Blood lead,
Population testing, yr ug/dl Psychometric
studied N/group (range) (range or ±S.D.) tests employed

Smelter area 122 6.5 8.2(4.4-22.8) German WISC
(Nordenham, FRG) Short for*

U > Verbal IQ
Performance
Bender Gestalt Test

Summary of results

X Variance Due to Pb
-0.3
+0.3
-2.4
+0.5

Levels of .
significance

N.S.
N. S.
N.S
N.S.

Signalled Reaction Tine
Short
Long

Wiener Reaction Time
Easy
Difficult

+0.1
-0.2

+4.3
+11.0

N.S.
N.S.

<0.05
<0.01

Abbreviations: C = control subjects; Pb = lead-exposed subjects; MO I = mental development index; N.S. = nonsignificant (p >O.OS); PbT = tooth lead;
WISC = Wechsler Intelligence Scale for Children; WPPSI = Wechsler Preschool and Primary Scale of Intelligence; RT = Reaction Time.
Significance levels are those found after partial ing out confounding covariates.

cUrinary coproporphyrin levels were not elevated.
Some with positive radiologic findings, suggesting earlier exposure in excess of 40-60 ug/dl.
'Percent of each group scoring "borderline," "suspect," "defective," or "abnormal."
Reanalysis of data by Ernhart correcting for methodological problems In earlier published analyses described here mainly did not substantiate significant
differences between control and Pb-exposed children indicated In last two columns to the right (see chapter text).
Dentine levels not reported for statistical reasons.
Reanalyses of Needleman data correcting for methodological problems In earlier published analyses confirmed significant differences between study groups
indicated in last two rlghthand columns for WISC IQ test results (see chapter text).
'Kain measure was dentine lead (PbT).
JBlood lead levels taken 9-12 months prior to testing; none above 33 ug/dl.
uata not corrected for age.
This F ratio is result of testing the difference in sums of squares for two regression equations (one Including and one excluding blood lead level as an
independent variable) against the residual mean square of the equation Including blood lead.

"Used for children over 5 years of age.
nUsed for children under 5 years of age.



Collaborative Study of Cerebral Palsy, Mental Retardation, and Other Neurologic Disorders of
Infancy and Childhood (Broman et al., 1975), which was conducted in Richmond, Virginia, and
had a total population of 3400 mothers. All mothers in this group were followed throughout
pregnancy and all children were postnatally evaluated by regular pediatric neurologic examina-
tions, psychological testing, and medical interviews. All children subject to prenatal, peri-
natal, and early postnatal insults were excluded from the study, and all had to have normal
neurologic examinations and Bayley tests at eight to nine months of age. These are important
points which add value to the study. It is unfortunate that blood lead data were not regu-
larly obtained; however, at the time of the study in the late 1960s, 10-20 ml of venous blood
was required for a blood lead determination and such samples usually had to be obtained by
either jugular or femoral puncture. The other control features (housing location and repeated
urinary coproporphyrin tests) would be considered the state of the art for such a study at the
time that it was carried out.

In a follow-up study on the same children (at 7-8 years old), de la Burde and Choate
(1975) reported continuing CMS impairment in the lead-exposed group as assessed by a variety
of psychological and neurological tests. In addition, seven times as many lead-exposed
children were repeating grades in school or being referred to the school psychologist, despite
many of their blood lead levels having by then dropped significantly from the initial study.
In general, the de la Burde and Choate (1972, 1975) studies appear to be methodologically
sound, having many features that strengthen the case for the validity of their findings. For
example, there were appreciable numbers of children (67 lead-exposed and 70 controls) whose
blood lead values were obtained in preschool years and who were old enough (7 years) during
the follow-up study to cooperate adequately for reliable psychological testing. The psycho-
metric tests employed were well standardized and acceptable as sensitive indicators of neuro-
behavioral dysfunction, and the testing was carried out in a blind fashion (i.e., without the
evaluators knowing which were control or lead-exposed subjects).

The de la Burde and Choate (1972, 1975) studies might be criticized on several points,
but none provide sufficient grounds for rejecting their results. One difficulty is that blood
lead values were not determined for control subjects in the initial study; but the lack of
history of pica for paint and plaster, as well as tooth lead analyses done later for the
follow-up study, render it improbable that appreciable numbers of lead-exposed subjects might
have been wrongly assigned to the control group. Subjects in the control group did have a
history of pica, but not for paint. Also, results indicating no measurable coproporphyrins in
the urine of control subjects at the time of initial testing further confirm proper assignment
of those children to the nonexposed control group. A second point of criticism is the use of

12-79



multiple chi-square statistical analyses, but the fact that the control subjects did signifi-
cantly better on virtually every measure makes it unlikely that all of the observed effects
were due to chance alone. One last problem concerns ambiguities in subject selection which
complicate interpretation of the results obtained. Because the lead-exposed group included
children with blood lead levels of 40-100 ug/dl, or of at least 30 ug/dl with "positive radio-
graphic findings of lead lines in the long bones, metallic deposits in the intestines, or
both," observed deficits might be attributed to blood lead levels as low as 30 ug/dl. Other
evidence (Betts et al., 1973), however, suggests that such a simple interpretation is probably
not accurate. That is, the Betts et al. (1973) study indicates that lead lines are usually
seen only if blood levels exceed 60 ug/dl for most children at some time during exposure,
although some (about 25 percent) may show lead lines at blood lead levels of 40-60 ug/dl. In
view of this, the de la Burde and Choate results can probably be most reasonably interpreted
as showing persisting neurobehavioral deficits at blood lead levels of 40-60 ug/dl or higher.

In another clinic-type child study, Rummo (1974) and Rummo et al. (1979) found signifi-
cant neurobehavioral deficits (hyperactivity, lower scores on McCarthy scales of cognitive
function, etc.) among Providence, Rhode Island, inner-city children who had previously exper-
ienced high levels of lead exposure that had produced acute lead encephalopathy. Mean maximum
blood lead levels recorded for those children at the time of encephalopathy were 88 ± 40
ug/dl. However, children with moderate blood lead elevation but not manifesting symptoms of
encephalopathy were not significantly different (at p <0.05) from controls on any measure of
cognitive functioning, psychomotor performance, or hyperactivity. Still, when the data from
the Rummo et al. (1979) study for performance on the McCarthy General Cognitive Index or
several McCarthy Subscales are compared (see Table 12-2), the scores for long-term moderate-
exposure subjects consistently fall below those for control subjects and lie between the
latter and the encephalopathy group scores. Thus, it appears that long-term moderate lead
exposure, in fact, likely exerted dose-related neurobehavioral effects. The overall dose-
response trend might have been shown to be statistically significant if other types of
analyses were used, if larger samples were assessed, or if control subjects were restricted to
b'ood ]ead values below 10 ug/dl. However, control for confounding variables in the different
exposure groups would also have to be considered. Note that (1) the maximum blood lead levels
for the short-term and long-term exposure subjects were all greater than 40 ug/dl (means = 61
i / and 68 ± 13 ug/dl, respectively), whereas control subjects all had blood lead levels below
40 jjg/'jl (mean = 23 ± 8 ug/dl), and (2) the control and lead-exposed subjects were inoer-cfty
children well matched for socioeconomic background, parental education levels, incidence of
pica, and other pertinent factors, but parental IQ was not ascertained and controlled for as a
potentially confounding variable.
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A somewhat similar pattern of results emerged from a study by Kotok et al. (1977) in
which 36 Rochester, New York, control-group children with blood lead levels less than 40 ug/dl
were compared with 31 children having distinctly elevated blood lead levels (61-200 ug/dl) but
no classical lead intoxication symptoms. Both groups were well matched on important back-
ground factors, notably including their propensity to exhibit pica. Again, no clearly statis-
tically significant differences between the two groups were found on numerous tests of cogni-
tive and sensory functions. However, mean scores of control-group children were consistently
higher than those of the lead-exposed group for all six of the ability classes listed, even
though the control group included children that had notably elevated blood lead values by
current medical standards. Kotok (1972) had reported earlier that developmental deficiencies
(using the comparatively insensitive Denver Development Screening test) in a group of children
having elevated lead levels (58-137 ug/dl) were identical to those in a control group similar
in age, sex, race, environment, neonatal condition, and presence of pica, but whose blood lead
levels were lower (20-55 ug/dl). Children in the lead-exposed group, however, had blood lead
levels as high as 137 ug/dl, whereas some control children had blood lead levels as high as 55
ug/dl. Thus, the study essentially compared two groups with different degrees of markedly
elevated lead exposure rather than one of lead-exposed versus nonexposed control children.

Perino and Ernhart (1974) reported a relationship between neurobehavioral deficits and
blood lead levels ranging from 40 to 70 ug/dl in a group of 80 inner-city preschool black
children, based on the results of a cross-sectional study including children detected as
having elevated lead levels via the New York City lead screening program. One key result
reported was that the high-lead children had McCarthy Scale IQ scores markedly lower than
those of the low-lead group (mean IQ = 80 versus 90, respectively). Also, the normal correla-
tion of 0.52 between parents' intelligence and that of their offspring was found to be reduced
to only 0.10 in the lead-exposed group, presumably because of the influence of another factor
(lead) that interfered with the normal intellectual development of the lead-exposed children.
Another possible explanation for the reported results, however, might be differences in the
educational backgrounds of parents of the control subjects when compared with lead-exposed
subjects, because parental education level was found to be significantly negatively related to
blood lead levels of the children participating in the Perino and Ernhart (1974) study. The
importance of this point lies in the fact that several other studies (McCall et al. , 1972;
Elardo et al., 1975; Ivanans, 1975) have demonstrated that higher parental education levels
are associated with more rapid development and higher intelligence quotients (IQs) for their
children.

Ernhart et al. (1981) were able to trace and carry out follow-up evaluations on 63 of the
80 preschool children of the Perino and Ernhart (1974) study once they reached school age,
using the McCarthy IQ scales, various reading achievement tests, the Bender-Gestalt test, the
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Oraw-A-ChiId test, and the Conners Teacher's Questionnaire for hyperactivity. The children's
blood lead levels were reported to be significantly correlated with FEP (r = 0.51) and dentine
lead levels (r = 0.43), but mean blood lead levels of the moderately elevated group had de-
creased after rive years. When control variables of sex and parental IQ were extracted by
multivariate analyses, the observed differences were reported to be greatly reduced but
remained statistically significant for three of seven tests on the McCarthy scales in relation
to concurrently measured blood lead levels but not in relation to the earlier blood lead
levels or dentine lead levels for the same children. This led Ernhart et al. (1981) to re-
interpret their 1974 (Perino and Ernhart, 1974) IQ results (in which they had not controlled
for parental education) as either not likely being due to lead or, if due to lead, then repre-
senting only minimal effects on intelligence.

The Perino and Ernhart (1974) and Ernhart et al. (1981) studies were evaluated by an
expert committee convened by EPA in March, 1983. The committee reported (Expert Committee on
Pediatric Neurobehavioral Evaluations, 1983) certain methodological problems associated with
the analyses published by Perino and Ernhart (1974) and Ernhart et al. (1981). The committee
further recommended that the Ernhart data set be reanalyzed to deal with the methodological
problems. Results of reanalyses of the data have been submitted by Ernhart (1983, 1984;
Ernhart et al., 1985). Reanalysis of relationships between preschool-age children's blood
lead levels and concurrently obtained McCarthy Scales scores (which included corrections of
errors made in the earlier, published analyses for certain data calculations and degrees of
freedom used to determine statistical significance) revealed no statistically significant dif-
ferences (at p <0.05) due to lead; however, lower scores for the higher lead exposure group on
the General Cognitive Index (GCI) did approach significance at p <0.09. Also, reanalysis of
relationships between preschool lead levels and 5-year later school-age outcome variables
yielded no indication of persisting lead effects in terms of reading test results or scores on
he McCarthy GCI or most of the McCarthy Subscales (except for a p-value of 0.10 obtained for
erbal Index scores). The reanalysis of relationships between school-age blood lead levels
lewly corrected for hematocrit variation effects) and concurrent reading test and McCarthy
i.ales scores only found significant differences attributable to lead for lower McCarthy
e'~bal Index scores (p <0.036 with a "deviant case" included in the analysis and p <0.07 with

the ':ase excluded). Similar results were obtained with a different analysis employing a "lead
construct index" as a measure of lead exposure which combined preschool and school-age blood
lead levels and free erythrocyte protoporphyrin levels. Based on these results, Ernhart
et al. (1985) concluded that "the reanalyses provide no reasonable support for an interpreta-
t:on c-f lead effects in these data." However, she also noted that it is recognized that there
was a certain level of unreliability in the measures used and that the sample size limited the
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power of the statistical analyses. Given such limitations and extensive attention accorded to
statistical control of potentially confounding variables in the reanalyses, it is notable that
an association between lead and lower Verbal Index scores was nevertheless observed across
several of the analyses (at p values ranging from <0.04 to 0.10) and that an association
between preschool lead levels and General Cognitive Index scores approached significance at
p <0.09. These observations (possibly due to chance alone from among the large number of
statistical analyses conducted) do not provide much evidence for associations between neuro-
psychologic deficits and lead exposures at the levels experienced by children in the Ernhart
study population; conversely, however, results of the reanalyses do not allow for a definitive
conclusion of "no-effect," either (as noted by Ernhart, 1983).

Other investigators (Shapiro and Marecek, 1984; Marecek et al., 1983) studied relation-
ships between lead exposures and psychometric testing outcomes among black children who had
been members of the Philadelphia Collaborative Perinatal Project (CPP), which included mainly
families of low socioeconomic status. From among a large target sample of eligible children
(those young enough to have deciduous teeth and no past history of head trauma, mental retar-
dation, or lead poisoning) invited to participate in the study (2,568 letters of invitation
were mailed), 199 families enrolled their children. Each child was scheduled for neuropsycho-
logic testing- immediately following the loss of a tooth; primary and/or circumpulpal dentine
lead levels from shed deciduous teeth (mainly molars) were employed to provide an index of
lead exposure for the 188 children (aged 10.6 to 14.7 yr; X = 11.8 yr) who underwent neuropsy-
chologic testing. Data on socioeconomic status and several other potentially confounding
variables were obtained from CPP records, and IQ scores were obtained for the parents of a
subset of the children studied. Data analyses (hierarchical multiple regression analyses)
first evaluated relationships between dentine lead exposure indices and test scores obtained
several years earlier (at age 7 yr) on the Bender-Gestalt, Wechsler Intelligence Scale for
Children (WISC) subtests, and certain other neuropsychologic tests; analyses were also per-
formed using dentine lead data and results from concurrently administered psychometric tests.
For the age-seven tests, significant associations were reported between dentine lead and per-
formance IQ scores, but not for WISC verbal IQ scores. Similarly, significant relationships
(at p <0.05) were reported between dentine lead values and concurrently obtained test results
for performance abilities on the Bender-Gestalt, WISC, and other tests but not for verbal
abilities. This study, while qualitatively suggesting lead may affect performance abilities,
suffers from several methodological problems, including inadequate control for sampling bias,
retrospective estimation of age-seven lead exposure levels, poor control of covarying social
factors, and inadequate control for parental IQ influences for all children studied.

Odenbro et al. (1983) studied psychological development of children (aged 3-6 yr) seen in
Chicago Department of Health Clinics (August, 1976 - February, 1977), evaluating scores on the
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Denver Developmental Screening test and two subtests of the Wechsler Preschool and Primary
Scale of Intelligence (WPPSI) in relation to blood lead levels obtained by repeated sampling
during the three previous years. A significant correlation (r = -0.435, p <0.001) was re-
ported between perceptual visual-motor ability and mean blood lead levels. Statistically sig-
nificant (p <0.005) deficits in verbal productivity and perceptual visual motor performance
(measured by the WPPSI) were found for groups of children with mean blood lead levels of
30-40 ug/dl and 40-60 ug/dl versus control children with mean blood lead levels <25 ug/dl,
using two-tailed Student's t-tests. On the other -hand, significant associations (p <0.05)
between blood lead levels and developmental retardations in language and fine-motor functions
were found only for the 40-60 ug/dl group, using the Denver Development Screening test and
chi-square analyses. These results are most clearly suggestive of neuropsychologic deficits
being associated with blood lead levels of 40-60 |jg/dl in preschool children. However, par-
ental IQs were not measured and questions can be raised regarding the adequacy of the statis-
tical analyses employed, especially in regard to lack of use of multivariate analyses that
sufficiently control for confounding covariates such as parental education and socioeconomic
status.

In another study (Molina et a!., 1983), high-risk children from families making lead-
glazed pottery in a Mexican village were evaluated for lead-associated neuropsychologic defi-
cits, using an appropriately adapted Spanish language version of the revised WISC (WISC-R)
test and the Bender-Gestalt test. Test results for 33 high-lead children (X age: 10 yr, 7
mo ± 2 yr, 7 mo) randomly selected from 64 school children with blood lead levels above 40
(jg/dl (X: 63.4 ± 15.8 ug/dl) were compared with those for 30 lower lead children (X age:
10 yr, 2 mo t 2 yr, 6 mo) with blood lead levels below 40 ug/dl (X: 26.3 ± 8.0 ug/dl), using
the two-tailed Student's t-test and the Mann-Whitney U test. The high-lead children were
found to have significantly lower WISC-R full-scale IQ (p <0.01), verbal IQ (p <0.01), and
performance IQ (p <0.025) than did the low-lead control children, who were drawn from among
the same low socioeconomic class families as the high-lead children. A significant negative
linear correlation was also observed for the same categories of test scores .among the high-
load children, but not for such scores among the low-lead children. These results, highly
suggestive of lead-related neuropsychologic deficits in children with blood lead values over
40 ug/dl. must be viewed with caution in light of the failure to include parental IQ levels
*nd the lack of multivariate statistical analyses that explicitly controlled for age, sex, or
other confounding factors.

In summary, the studies reviewed above generally found that high-risk lead-exposure
groups did more poorly on IQ or other types of psychometric tests than referent control groups
with d i s t i n c t l y lower lead exposures. It is true that many of the studies did not control for
important confounding variables or, when such were taken into account, differences between
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lead-exposed and control subjects were reduced and, at times, often no longer statistically
significant. Still, the consistency of finding lower IQ values and other types of neuropsy-
chologic deficits among at-risk higher lead exposure children across most of the studies re-
viewed lends credence to cognitive deficits occurring in apparently asymptomatic children with
markedly elevated blood lead levels (i.e., starting at 40-60 ug/dl and ranging upwards to
70-80 ug/dl and higher values).

The magnitude of lead's effects on IQ at the high exposure levels evaluated in these
studies is difficult to estimate precisely due to variations in measurement instruments used,
variations in the extent to which various confounding factors were controlled for in the sta-
tistical analyses, and the fact that many of the referent control groups tended to have what
are now recognized to be elevated blood lead levels (i.e., averaging in the 20-40 ug/dl
range). Focusing on estimates of full-scale IQ deficits, Rummo (1974; Rummo et al., 1979)
observed a decrement of approximately 16 IQ points on the McCarthy GCI for postencephalopathic
children with blood lead values exceeding 80 ug/dl. Asymptomatic children with long-term lead
exposures yielding mean blood lead values of 68 ug/dl experienced an average 5-point IQ (GCI)
decrement, whereas short-term lead-exposed subjects with blood lead levels around 60 ug/dl
showed no decrement compared to controls. The de la Burde subjects, with blood lead levels
averaging 58 ug/dl, had a mean Stanford-Binet IQ decrement of 5 points upon first testing (de
la Burde and Choate, 1972) and 3 points upon follow-up testing several years later (de la
Burde and Choate, 1975). Ernhart originally reported an average 10 point IQ (GCI) decrement
for children with blood lead values in the 40-70 ug/dl range upon first testing (Perino and
Ernhart, 1974) and 12 points upon follow-up 5 years later (Ernhart et al., 1981). However,
these reported large decrements appear to be due in part to confounding by uncontrolled
covariates in the original published data calculations and, upon reanalysis of the data (with
better control for confounding variables and with errors corrected), are apparently notably
reduced, although the amount of the reduction was not clearly specified in the submitted
reanalyses. While it could be argued that the Rummo and de la Burde decrements would also be
reduced in size if better control for confounding variables were employed, use of control
subjects with lower lead exposures (e.g., <10 ug/dl) could also logically be expected to re-
sult in offsetting influences on IQ. Thus, it seems warranted to conclude that the average
decrements of about 5 IQ points observed in the de la Burde and Rummo studies represent a
reasonable estimate of the magnitude of full-scale IQ decrements associated with notably
elevated blood lead levels (X = 50-70 ug/dl) in asymptomatic children.

12.4.2.2.2.2 General population studies. These studies evaluated samples of non-overtly
lead intoxicated children drawn from and thought to be representative of the general pediatric
population. They generally aimed to evaluate asymptomatic children with lower lead body bur-
dens than those of high-risk children evaluated in most of the above clinic-type studies.
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A pioneering general population study was reported by Needleman et al. (1979), who used
shed deciduous teeth to index lead exposure. Teeth were donated from 70 percent of a total
population of 3329 first and second grade children from two towns near Boston. Almost all
children who donated teeth (2146) were rated by their teachers on an 11-item classroom be-
havior scale devised by the authors to assess attention disorders. An apparent dose-response
function was reported for ratings on the behavior scale, not taking potentially confounding
variables into account. After excluding various subjects for control reasons, two groups
(<10th and >90th percentiles of non-circumpulpal dentine lead levels) were provisionally
selected for further in-depth neuropsychologic testing. Later, some provisionally eligible
children were also excluded for various reasons, leaving 100 low-lead (<10 ppm dentine lead)
children for comparison with 58 high-lead (>20 ppm dentine lead) children in statistical
analyses reported by Needleman et al. (1979). A preliminary analysis on 39 non-lead variables
showed significant differences between the low- and high-lead groups for age, maternal IQ and
education, maternal age at time of birth, paternal SES, and paternal education. Some of these
variables were entered as covariates into an analysis of covariance along with lead. Signifi-
cant effects (p <0.05) were reported for full-scale WISC-R IQ scores, WISC-R verbal IQ scores,
for 9 of 11 classroom behavior scale items, and several experimental measures of perceptual-
motor behavior.

Additional papers published by Needleman and coworkers have reported results of the same
or further analyses of the data discussed in the initial paper by Needleman et al. (1979).
For example, a paper by Needleman (1982) provided a summary overview of findings from the
Needleman et al. (1979) study and findings reported by Burchfiel et al. (1980) that are dis-
cussed later in Section 12.4.2.2.2.7 concerning EEC patterns for a subset of children included
in the 1979 study. Needleman (1982) summarized results of an additional analysis of the 1979
data set reported elsewhere by Needleman et al. (1982). More specifically, cumulative fre-
quency distributions of verbal IQ scores for low- and high-lead subjects from the 1979 study
were reported by Needleman et al. (1982), and the key point made was that the average IQ
deficit of four points demonstrated by the 1979 study did not just reflect children with al-
ready low IQs having their cognitive abilities further impaired. Rather, the entire distribu-
tion of IQ scores across all IQ levels was reported to be shifted downward in the high-lead
group, with none of the children in that group having verbal IQs over 125. Another paper, by
Bel linger and Needleman (1983), provided still further follow-up analyses of the original
(Needleman et al. , 1979) data set, focusing mainly on comparison of the low- and high-lead
children's observed versus expected IQs based on their mother's IQ. Bellinger and Needleman
reported that regression analyses showed that IQs of children with elevated levels of dentine
lead (>20 ppm) fell below those expected based on their mothers' IQs and that the amount by
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which a child's IQ fell below the expected value increased with increasing dentine lead levels
in a nonlinear fashion. Scatter plots of IQ residuals by dentine lead levels, as illustrated
and discussed by Bellinger and Needleman (1983), indicated that regressions for the control
children with dentine lead below 10 ppm and for high-lead children with 20-29.9 ppm dentine
lead did not reveal significant associations between increasing lead levels in that range and
IQ residuals. This is in contrast to statistically significant (p <0.05) correlations found
between IQ residuals and dentine lead for high-lead group children with 30-39.9 ppm dentine
lead levels.

The Needleman et al. (1979) study and spin-off analyses published later by Needleman and
coworkers were critically evaluated by the same Expert Committee on Neurobehavioral Evalua-
tions noted above that was convened by ERA in March, 1983, to evaluate the Peri no and Ernhart
(1974) and Ernhart et al. (1981) studies. The Committee's report (Expert Committee, 1983)
noted methodological problems with certain of the the published analyses and findings reported
by Needleman et al. (1979) or in subsequent papers by Needleman and coworkers concerning addi-
tional analyses of the same data set. The Committee also recommended that the Needleman data
set be reanalyzed. Reanalyses carried out in response to the Committee's recommendations have
been reported by Needleman (1984), Needleman et al. (1985), and U.S. EPA's Office of Policy
Analysis (1984) as confirming the published findings on significant associations between
elevated dentine lead levels and decrements in IQ, after correcting errors in data calcula-
tions detected in earlier published analyses and using alternative model specifications that
incorporated better control for potentially confounding factors.

The average magnitude of the full-scale IQ decrement attributable to lead was estimated
in the original published Needleman analyses to be about 4 points after control for confound-
ing factors. Based upon the reanalyses submitted, the size of the full-scale lead effect
appears to remain about the same (i.e., around 4 points) after controlling for confounding
variables. It is, however, extremely difficult to define with confidence quantitative dose-
response relationships based on the Needleman data, beyond the statement that average IQ de-
crements of about 4.0 points appear to be associated with lead exposure levels experienced by
the Needleman high-lead group. Among that group, statistically significant (p <0.05) IQ de-
crements appear to remain (after controlling for confounding variables) for children with
30-39.9 ppm dentine lead levels, but not for children with 20-29.9 ppm or lower dentine lead
levels, as reported by Bellinger and Needleman (1983). Only limited data exist by which one
might attempt to estimate blood lead values likely associated with the observed IQ effects;
and the available information points broadly toward an average blood lead concentration in the
30-50 M9/dl range. An average 4-point full-scale IQ decrement associated with average blood
lead values in that range would be consistent with the mean 5-point decrement estimated
earlier to occur at somewhat higher average blood lead levels of 50-70 ug/dl.
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Recently, Bel linger et al. (1984b) followed up on the academic performance of a subset
of the children initially evaluated by Needleman et al. (1979). Of the 118 first and second
grade children who were classified into low (<10 ppm) and elevated (£20 ppm) dentine lead
groups by Needleman et al. (1979), 70 were available for study 4 years later. In addition,
71 children with raidrange tooth lead levels (10.0-19.9 ppm) were included in the follow-up in-
vestigation. Contemporary blood lead levels could not be obtained. Four types of outcome
measures were assessed: (1) standardized IQ measures, viz., the most recently available
scores for the Otis-Lennon Mental Ability Test, as routinely administered by the school
system; (2) teacher ratings, comprising a 24-item pupil-rating scale and the same 11-item
scale used by Needleman et al. (1979); (3) indices of school failure, i. e., remedial in-
struction or grade retention; and (4) direct observation of classroom behavior patterns re-
flecting inattention, distractibility, etc. Various statistical analyses suggested that only
grade retention was clearly associated with past dentine lead levels; other outcomes tended to
be in the predicted direction of effect but generally at p values between 0.05 and 0.15. Of
some note is the fact that the teacher rating scale revealed no effect of lead, a finding that
contrasts with earlier results of Needleman et al. (1979) and a more recent replication
(albeit without control for social factors) by Yule et al. (1984).

A study of urban children in Sydney, Australia (McBride et al., 1982) involved 454 pre-
schoolers (aged 4-5 yr) with blood lead levels of 2-29 ug/dl. Children born at the Women's
Hospital in Sydney were recruited via personal letter. No blood lead measures were available
on non-participants. Blood levels were evaluated at the time of neurobehavioral testing, but
earlier exposure history was apparently not assessed. Using a multiple statistical comparison
procedure and Bonferroni correction to protect against study-wise error, no statistically sig-
nificant differences were found between two groups with blood lead levels more than one stand-
ard deviation above and below the mean (>19 ug/dl versus <9 ug/dl) on the Peabody Picture
Vocabulary IQ Test, on a parent rating scale of hyperactivity devised by Rutter, or on three
tests of motor ability (pegboard, standing balance, and finger tapping). In one test of fine
motor coordination (tracking), five-year old boys in the higher lead group performed worse
than boys in the lower lead group. In one test of gross motor skill (walking balance), results
for the two age groups were conflicting. This study suffers from many methodological weak-
nesses and cannot be regarded as providing evidence for or against an effect of low-level lead
exposures in non-overtly lead intoxicated children. For example, a comparison of socio-
economic status (father's occupation and mother's education) of the study sample with the
general population showed that it was higher than Bureau of Census statistics for the
Australian work force as a whole. Also, there was apparently some self-selection bias due to
a high proportion of professionals living near the hospital, and certain other important demo-
graphic variables, such as mother's IQ, were not evaluated.
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Another recent large-scale study (Smith et al., 1983) of tooth lead, behavior, intelli-
gence, and a variety of other psychological skills was carried out in a general population
sample of over 4000 children aged 6-7 years in three London boroughs. Of the 2663 children
who donated shed teeth for analysis, 403 children were selected to form six groups, one each
of high (8 ug/g or more), intermediate (5-5.5 ug/g), and low (2.5 ug/g or less) tooth lead
levels for two socioeconomic groups (manual versus non-manual workers). Parents were inten-
sively interviewed at home regarding parental interest and attitudes toward education and
family characteristics and relationships. The early history of the child was then studied in
school using tests of intelligence (WISC-R), educational attainment, attention, and other cog-
nitive tasks. Teachers and parents completed the Conners behavior questionnaires. Results
showed that intelligence and other psychological measures were strongly related to social fac-
tors, especially social grouping. Lead level was linked to a variety of factors in the home,
especially the level of cleanliness and, to a lesser extent, maternal smoking. Before cor-
recting for confounding factors, there were significant associations between lead and full-
scale IQ scores; however, upon correcting for confounding factors, there were no statistically
significant associations between lead level and IQ or academic performance. Also, when rated
by teachers (but not by parents), there were small, reasonably consistent (but not statisti-
cally significant) tendencies for high-lead children to show more behavioral problems after
the different social covariables were taken into account statistically.

The Smith et al. (1983) study has much to recommend it: (1) a well-drawn sample of ade-
quate size; (2) three tooth lead groupings based on well-defined classifications minimizing
overlaps of exposure groupings based on whole tooth lead values, including quality-controlled
replicate analyses for the same tooth and duplicate analyses across multiple teeth from the
same child; (3) blood lead levels on a subset of 92 children which correlated reasonably well
with tooth lead levels (r = 0.45); (4) cross-stratified design of social groups; (5) extensive
information on social covariates and exposure sources; and (6) statistical control for poten-
tially confounding covariates in the analyses of study results. It should also be noted that
further statistical analyses of the Smith data, using tooth lead as a continuous variable or
finer-grain categorization of subjects into eight tooth lead exposure groups, have recently
been reported (Pocock and Ashby, 1985) to confirm no statistically significant associations
between tooth lead and IQ across the entire spectrum of lead exposure levels present among the
study population. Interestingly, the average full-scale IQ values for the medium- and high-
lead groups in the Smith study were 2 points below the average value for the control group.
Also, blood lead values for subsets of the children in the medium and high groups averaged
12-15 yg/dl (with all but one <30 ug/dl) upon sampling within a few months of neuropsychologic
testing around age six. Somewhat higher blood lead values may have been obtained if sampled
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at earlier ages for these children (given typical peaking of blood leads seen in preschool
children), but likely would have still fallen mainly in the 15-30 pg/dl range.

Harvey et al. (1983, 1984) also recently reported on a study involving 189 children,
average age 2.5 years and 15.5 ug/dl blood lead, from the inner city of Birmingham, England.
The investigators utilized a wide range of psychometric tests, behavioral measures of activity
level, and psychomotor performance. They found that blood lead made no significant contribu-
tion to IQ decrements after appropriate allowance had been made for social factors, although,
consistent with findings from the Lansdown et al. (1986) study discussed below, a stronger
correlation between IQ and blood lead levels was found in children of manual workers (r =
-0.32) than in children of non-manual workers (r = +0.06). Strengths of this study are the
following: (1) a well-drawn sample; (2) extensive evaluation of 15 confounding social
factors; (3) a wide range of abilities evaluated; and (4) blind evaluations. The finding of
no significant associations between lead and IQ decrements at the relatively low blood levels
evaluated are consistent with the Smith study results discussed above for children in the same
exposure range.

Yule et al. (1981) carried out a pilot study on the effects of low-level lead exposure on
85 percent of a population of 195 children aged 6-12 years, whose blood lead concentrations
had been determined some nine months earlier as part of a European Economic Community survey.
The blood lead concentrations ranged from 7 to 32 ug/dl, and the children were assigned to
four quartiles encompassing the following values: 7-10 ug/dl; 11-12 ug/dl; 13-16 ug/dl; and
17-32 ug/dl. The tests of achievement and intelligence were similar to those used in the
Lansdown et al. (1974) and Needleman et al. (1979) studies. Significant associations were
reported between blood lead levels and decrements in IQ (full-scale IQ scores averaged -1
points lower for the highest lead group), as well as lower scores on tests of reading and
spelling, but not mathematics (Yule et al. , 1981). These differences in performance (although
reduced in magnitude) largely remained statistically significant at p <0.05 after age, sex,
and father's occupation were taken into account. However, other important potentially con-
founding social factors such as parental IQ were not controlled in this study, and the inves-
tigators cautioned against interpretation of their results as evidence of relationships
between lead and IQ or functioning at school without further confirmatory results obtained
after better control of social factors and other confounding variables.

Lansdown et al. (1986) replicated their earlier pilot study (Yule et al., 1981) with 194
childrer (X age - 8.8 yr) living in a predominantly working area of London near a busy road-
way. Ir this second, better designed study, a lengthy structured interview yielded data on
sources of exposure, medical history, and many potentially confounding variables, including
parental IQ and social factors. Analyses of covariance were used to evaluate the effects of
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lead and other factors on WISC-R verbal, performance, and full-scale IQ scores, as well as
reading accuracy and comprehension scores, for children with low (7-12 ug/dl) versus elevated
(13-24 ug/dl) blood lead levels. No significant effect of lead was evident even before con-
sidering social class. However, there was some suggestion of a trend in effects on IQ in the
manual working-class children when compared with non-manual working-class children.

In another study, Yule and Lansdown (1983) evaluated 302 children (X age = 9 yr) living
in Leeds, England. Tests and procedures similar to those employed in the previous two studies
were used and, in addition, a reaction time test was employed (Hunter et al., 1985). The
Leeds children were divided, for statistical analyses of the data, by (1) social class (manual
versus non-manual) and (2) blood lead level (low = 5-11 ug/dl; high = 12-26 ug/dl). As in the
London replication study, no statistically significant relationships for any of the IQ or
reading performance scores were found even before social class was controlled for in the sta-
tistical analyses. The high-lead children averaged essentially identical or very slightly
better than control subjects on several outcomes. On the other hand, small but statistically
significant (p <0.05) changes in reaction time (shorter for 3-sec delays; longer for 12-sec
delays) were found and appeared to parallel a similar pattern of reaction time effects of
larger magnitude reported by Needleman et al. (1979) for American children with higher lead
exposures. Analyses of covariance, controlling for age, revealed that the reaction-time dif-
ferences between low- and high-lead children in Leeds were only significant for the younger
children (aged 6-10 yr) but not for the older children (aged 11-14 yr).

Another paper by Yule et al. (1984) reported on the use of three different teacher ques-
tionnaires (Needleman, Rutter, and Conners) to assess attention deficits in the same children
evaluated in their earlier report (Yule et al., 1981). While there were few differences be-
tween groups on the Rutter Scale, the summed scores on the Needleman questionnaire across the
blood lead groupings approached significance (p = 0.096). Three of the questionnaire items
showed a significant dose-response function ("Day Dreamer," "Does not Follow Sequence of
Direction," "Low Overall Functioning"). Nine of 11 items were highly correlated with
children's IQ. Therefore, the Needleman questionnaire may be tapping IQ-related attention
deficits as opposed to measures of conduct disorder and socially maladaptive behavior (Yule et
al., 1984). The hyperactivity factors on the Conners and Rutter scales were reported to be
related to blood lead levels (7-12 versus 13-32 ug/dl), but the authors noted that caution is
necessary in interpreting their findings in view of the crude measures of social factors
available and the differences between countries in diagnosing attention deficit disorders.
Moreover, since the blood lead values reported were determined only once (nine months before
psychological testing), earlier lead exposure may not be fully reflected in the reported blood
lead levels. However, even if somewhat higher earlier, it is likely that the blood leads
still mainly fell in the 15-30 ug/dl range for the higher two quartile groups.
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Two recent reports by Schroeder and his colleagues (Schroeder et al., 1985; Schroeder and
Hawk, 1986) are of particular importance to the issue of lead's effects on children's cogni-
tive functioning. Although these studies dealt with children who had been identified through
lead-screening programs or who were potentially at risk for elevated lead exposure, the actual
blood lead levels measured in these children were, overall, in line with or not much higher
than the levels in the general population studies discussed above.

Schroeder et al. (1985) evaluated 104 lower SES children, ages 10 months to 6.5 years.
Approximately half of the children (age <30 months) were tested on the Bayley Scales of Mental
Development; the remainder of the subjects (age >30 months) were tested on the Stanford-Binet
Intelligence Scale. Several other variables were also assessed, including Caldwell and
Bradley (1979) HOME scores and parental IQ, SES, education, and employment. Venous blood
samples obtained on the day of testing were analyzed for lead concentrations and ranged from 6
to 59 ug/dl (X = 30 ug/dl). Statistical analysis of the data involved a form of hierarchical
backward stepwise regression. Lead was found to be a significant (p <0.01) source of the ef-
fect on IQ scores in these children after controlling for SES, HOME score, maternal IQ, and
other social factors. SES was the only other variable to reach statistical significance
(p <0.001); other variables apparently failed to reach significance because of col linearity
with SES. A corollary study of the same children by Milar et al. (1981a) found no association
between lead exposure and hyperactivity.

Fifty of the children were re-examined 5 years later, at which time all blood lead levels
were 30 ug/dl or lower. In addition to re-evaluating the children with the Stanford-Binet IQ
test, the investigators repeated SES and maternal IQ (but not HOME) measurements. Although
the 5-year follow-up IQ scores were negatively correlated with both contemporary and initial
blood lead levels, the effect of lead was not significant after covariates (especially SES)
were included in the regression model. It is interesting to note also that the correlation
between maternal and child IQ was only about 0.06 for children with initial blood lead levels
of 31-56 ug/dl , but returned to a nearly normal value of 0.45 after 5 years, when blood lead
levels had dropped. Similar findings have been reported by Perino and Ernhart (1974) and
Sellinqer and Needleman (1983), and have been used to argue that an environmental factor
(i.e., lead) disrupts the normal mother-child IQ correlation of about 0.50. Thus, Schroeder
et al.'s (1985) finding provides further, indirect evidence of lead's disruptive effect on
children's coqtiitive functioning at blood lead levels in the range of approximately 30-60
ug/dl.

Schroeder and Hawk (1986) replicated the above study with 75 Black children, all of low
SES and ranging in age from 3 to 7 years. Blood lead levels averaged 21 ug/dl (range: 6-47
|jg/dl). Backward stepwise multivariate regression analysis revealed a highly significant re-
lationship between contemporary blood lead level and IQ (p <0.0008); the effect was nearly as
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striking (p <0.002) whether maximum or mean blood lead values (from health department records)
were used. No other covariate achieved significance at p = 0.05 in this analysis, although
maternal IQ was closest. SES was not a significant covariate in this study because SES was
uniformly low. (Further analyses showed HOME scores to be significantly correlated with blood
lead levels and to be collinear with maternal IQ and SES.) As Figure 12-2 indicates, the
effect of blood lead level on IQ appeared to extend linearly across the entire range of blood
lead concentrations. In fact, 78 percent of the subjects had blood lead levels below 30
M9/dl.
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Figure 12-2. Regression of IQ scores against blood lead levels, with 95%
confidence band. Double values indicated by triangle.

Source: Schroeder and Hawk (1986).

Another recent investigation that should be noted here has been reported by Si lva et al
;i986b). This preliminary study investigated cognitive development and behavior problems in
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579 11-year-old children in Dunedin, New Zealand. Higher SES groups were significantly over-
represented in this sample, but the correlation between blood levels and SES was near zero.
The mean blood lead level at age 11 was 11.1 ug/dl (SO = 4.91). No significant effects on IQ
were evident from an analysis of WISC-R scores. Regression analyses and multiple correlations
were performed on scores from a reading ability test, the Rutter parent and teacher question-
naires, and other assessments of children's inattention and hyperactivity derived from parent
and teacher reports. The contribution of blood lead levels to the explained variance for the
reading ability scores was nonsignificant. However, five of the six remaining assessments of
children's behavior showed significant increases in the amount of explained variance when the
blood lead variable was added. Although blood lead accounted for only 0.8-1.2 percent of the
additional variance, the results nonetheless indicate some association between lead exposure
and small but significant adverse effects on behavior in older children, even after allowance
for certain background factors (e.g., maternal verbal ability, maternal depression, a com-
posite index of social disadvantage). A complementary report by Silva et al. (1986a) noted
that some of the children in the Dunedin pilot study had had significant exposure to lead
through paint-stripping activities in the home. Although only two subjects had blood lead
levels above 30 ug/dl at the time of testing, this backgorund information points up the need
for earlier and more precise characterization of long-term lead exposure for an accurate in-
terpretation of the Dunedin findings.

None of the general population studies reviewed here individually provide definitive evi-
dence for or against neuropsychologic deficits being associated with relatively low body lead
burdens in non-overtly lead-intoxicated children representative of general pediatric popula-
tions. The recent report by Schroeder and Hawk (1986) indicates a highly significant linear
relationship between a measure of IQ and blood lead levels over the range of 6 to 47 ug/dl.
TMs effect was almost equally as strong regardless of whether contemporary, past maximum, or
mean blood lead levels were used in the analysis. Because the subjects were all Black chil-
dren of uniformly low socioeconomic status, SES was not a significant covariate in the analy-
sis On the other hand, this feature of the study limits the applicability of the findings to
the general U.S. population of children. It is possible that SES and lead exposure interact
such that. IQ is affected by blood lead at lower SES levels but not at higher SES levels (cf.
Schroeder at al., 1985). Findings of stronger correlations between IQ and blood lead levels
in children of manual working class fathers (Harvey et al., 1983, 1984; Yule and Lansdown,
1983; Unsuown et al., 1986) are consistent with this supposition (cf. Winneke and Kraemer,
1984) If true, this interactive relationship would suggest that lower socioeconomic status
places children at greater risk to the deleterious effects of low-level lead exposure on
cognitive ability. However, as results from Schroeder et al. (1985) and Schroeder and Hawk
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(1986) indicate, other variables such as HOME scores and maternal IQ may covary with SES.
Other work (e.g., Milar et al., 1980; Dietrich et al., 1985b) points to the home environment
as a significant predictor of lead exposure. This close relationship between SES, quality of
home environment, and lead exposure suggests that SES may not be the sole determiner of in-
creased risk for cognitive impariment. Further research is needed to disentangle the relative
contributions of these variables to the neurotoxic effects of lead.

Of the other studies reviewed here, the Needleman analyses may be interpreted as provid-
ing acceptable evidence for full-scale IQ deficits of about 4 points and other neurobehavioral
deficits being associated with lead exposures of American children resulting in dentine lead
values that exceed 20-30 ppm and likely average blood lead values in the 30-50 ug/dl range.
The report of recent analyses by Schroeder et al. (1985) supports this conclusion, even after
the major influence of SES was allowed for in the analyses. However, their findings indicate
that the effect of blood lead on IQ could not be detected five years after the original as-
sessment. A follow-up by Bellinger et al. (1984b) of the children studied by Needleman et al.
(1979) suggests that other measures of classroom performance may show long-term effects of
early lead exposure more effectively than IQ measures (see also Silva et al., 1986b). Shaheen
(1984) has also questioned the sensitivity of IQ scores and has suggested that the variability
in 'outcomes of studies of lead's effects on neuropsychological functioning in children may
originate with differences in the ages at which children are subjected to toxic lead expo-
sures.

For the most part, the remaining general population studies reviewed in this section
report a lack (with a few exceptions) of statistically significant effects on IQ or other
neuropsychologic measures. Most of the remaining studies found slightly lower IQ scores for
higher-lead exposure groups than for low-lead control groups before correcting for confounding
variables, but the differences were typically reduced to 1-2 IQ points and were non-signifi-
cant (usually even at p <0.10) upon correction for confounding factors. The following con-
clusions may be stated about these latter results: (1) they are suggestive of relatively
minimal (if any) effects of lead on IQ in general populations, especially in comparison to the
much larger effects of other factors (e.g., social variables), at the exposure levels evalu-
ated in these studies (blood lead values mainly in the 15-30 ug/dl range); and (2) they are
not incompatible with findings of significant lead effects on IQ at higher average blood lead
levels U30 ug/dl).

The few exceptions to the general pattern noted above warrant comment here. The pilot
study by Yule et al. (1981, 1984), which found significant (6-7 point) IQ decrements and
poorer ratings on several categories of classroom behavior, has certain methodological limi-
tations; specifically, the study provided only relatively crude control for socioeconomic

12-95



factors (as noted by the authors) and it failed to take parental IQ into account at all. In
comparison to other studies, the reported IQ decrements of about 6-7 points are consistent
with neither (1) the maximum 1-2 point IQ differences seen in other general population studies
of children with comparable lead exposures (mainly in the 15-30 ug/dl blood lead range), nor
(2) the results of clinic studies showing 4-5 point IQ decrements at distinctly higher lead
levels (i.e., at >30 ug/dl). However, the findings of altered reaction time patterns by
Hunter et al. (1985), which parallel those reported by Needleman at higher exposure levels,
are somewhat more credible and appear to argue for probable effects of lead on attention or
vigilance functions at levels extending below 30 ug/dl and, possibly, down to as low as
15-20 ug/dl.

12.4.2.2.2.3 Smelter area studies. The smelter studies evaluated children with elevated
lead exposures associated with residence in cities or elsewhere in close proximity to lead-
emitting smelters. Most of the early studies, conducted in the 1970s, found mixed results
even though evaluating children with blood lead levels typically in excess of 30 ug/dl. Be-
cause of methodological weaknesses, however, virtually all of the early studies must be viewed
as inconclusive.

For example, in an early study of this type Lansdown et al. (1974) reported a relation-
ship between blood lead level in children and the distance they lived from lead-processing
facilities, but no relationship between blood lead level and mental functioning. However,
only a minority of the lead-exposed cohort had blood lead levels markedly differing from
control subjects with elevated blood lead levels (<40 ug/dl). Furthermore, this study failed
to adequately consider important confounding factors such as socioeconomic status.

In another study, Landrigan et al. (1975) found that lead-exposed children living near an
El Paso, Texas, smelter scored significantly lower than matched controls on measures of per-
formance IQ and finger-wrist tapping. The control children in this study were, however, not
well matched by age or sex to the lead-exposed group, although the results remained statisti-
cally significant after adjustments were made for age differences. In contrast, McNeil and
Ptasnik (1975) found little evidence of lead-associated decrements in cognitive abilities in
another sample of children living near the same lead smelter in El Paso. These children who
were generally comparable medically and psychologically to matched controls living elsewhere
in the same city except for the direct effects of lead (blood lead level, free erythrocyte
protoporphyrin levels, and X-ray findings). An extensive critique of these two El Paso
studies was performed by another expert committee (see Muir, 1975), which concluded that no
reliable conclusions could be drawn from either of the published studies in view of various
methodological and other problems affecting their conduct and statistical analyses.

A later study by Ratcliffe (1977) of children living near a battery factory in Manches-
ter, England, found no significant associations between blood lead levels sampled at two years
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of age (28 ug/dl versus 44 |jg/dl in low- versus high-lead groups) and testing done at age five
on the Griffiths Mental Development Scales, the Frostig Developmental Test of Visual Percep-
tion, a pegboard test, or a behavioral questionnaire. The differences in scores, although
small, were somewhat better for the low-lead exposure children than for the higher exposure
group. The small sample size (23 low-lead and 24 high-lead children), inadequate control for
parental IQ, and the failure to repeat blood lead assays at age five weaken this study.
Variations in blood lead levels occurring after age two among control children may have less-
ened exposure differences between the low- and high-lead groups, and larger sample sizes would
have better allowed for detection of any lead effects present.

The more recent smelter studies, described next, provide assessments that generally ac-
cord somewhat greater attention to control for potentially confounding factors. Also, some of
the studies assessed larger samples of children, presumably allowing more accurate estimation
of any lead effects present.

Two studies by Winneke and colleagues, the first a pilot study (Winneke et al., 1982a)
and the second an extended study (Winneke et al., 1983), employed tooth lead analyses anal-
ogous to some of the studies already discussed above. In the pilot study, incisor teeth were
donated by 458 children aged 7-10 years in Duisburg, Germany, an industrial city with airborne
lead concentrations between 1.5 and 2.0 pg/m3. Two extreme exposure groups were formed, a
low-lead group with 2.4 ug/g mean tooth lead level (n = 26) and another, high-lead group with
7 ug/g mean tooth lead level (n = 16). These groups were matched for age, sex, and father's
occupational status. The two groups did not differ significantly on confounding covariates,
except that the high-lead group showed more perinatal risk factors. Parental IQ and quality
of the home environment were not among the 52 covariables examined. The authors found a mar-
ginally significant decrease (p <0.10) of 5-7 IQ points and a significant decrease in percep-
tual-motor integration (p <0.05), but no significant differences in hyperactivity as measured
by the Conners Teachers' Questionnaire administered during testing. As with the Yule et al.
(1981) study, the inadequacy of statistical or other control for background social variables
and parental IQ (as well as group differences in perinatal factors) weaken this study; the in-
vestigators cautioned against interpretation of their results as evidence for low-level lead
exposure effects in the absence of further, confirmatory results from larger, better con-
trolled studies (such as those conducted by them elsewhere as described below).

In their second study, Winneke et al. (1983) evaluated 115 children (X age = 9.4 years)
living in the lead smelter town of Stolberg, Germany. Tooth lead (X = 6.16 ppm, range =
2.0-38.5 ppm) and blood lead levels (X = 13.4 ug/dl; range = 6.8-33.8 ug/dl) were signifi-
cantly correlated (r = 0.47; p <0.001) for the children studied. Using stepwise multiple
regression analysis, the authors found significant (p <0.05) or marginally significant (p
<0.10) associations between tooth lead levels and measures of perceptual-motor integration,
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reaction-time performance, and four behavioral rating dimensions, including distractibility.
This was true even after taking into account age, sex, duration of labor at birth, and
socio-heredity background as covariates. However, the proportion of explained variance due to
lead never exceeded 6 percent for any of these outcomes, and no significant association was
found between tooth lead and WISC verbal IQ after the effects of socio-hereditary background
were eliminated.

A third study by Winneke et al. (1984) evaluated neuropsychologic functioning and neuro-
physiological parameters for 122 children (aged 6-7 yr) living in the Nordenham, FRG area.
Performance on a variety of neuropsychologic tests (shortened form of the Hamburg-Wechsler IQ
test; reaction-behavior and reaction-time tests, etc.) was evaluated in relation to both con-
currently sampled blood lead values (X = 8 ug/dl; max. = 23 ug/dl) and umbilical cord blood
lead levels (max. = 31 ug/dl). A variety of potentially confounding factors (such as socio-
hereditary variables, pre- and postnatal risk factors, etc.) were also assessed and taken into
account in a series of stepwise multiple regression analyses in which the effects of confound-
ing factors were successively eliminated and the effects of lead then checked for signifi-
cance. No significant associations (at p <0.05) were found between either umbilical cord or
current blood lead levels and verbal, performance, or total IQ scores estimated from the
Hamburg-Wechsler subtests (only the correlation for performance IQ with current blood lead
level reached p <0.10). On the other hand, much larger and highly significant correlations
were found between socio-hereditary factors and all three types of IQ scores. The investi-
gators remarked on the heavy dependence of the IQ measurements on the social environment and
noted that, as in their prior large-scale study (Winneke et al., 1983), it was not possible to
convincingly show a lead-dependent decrease in intelligence. Nor were any lead effects found
on the Goettinger shape reproduction test of psychomotor performance or for various reaction-
time measures. Only in the case of reaction behavior, as indexed by increased errors on the
Wiener (Vienna) serial stimulus reaction test, were significant deficits in neuropsychological
functioning detected at the low exposure levels (<25-30 ug/dl) evaluated in this study. Cer-
tain statistically significant effects on electrophysiological measures of neurophysiological
functioning were also observed (as described below in Section 12.4.2.2.2.7).

The above smelter area studies generally do not provide much evidence for cognitive or
behavioral deficits being associated with lead exposure in non-overtly lead exposed children,
except perphaps for the reaction-behavior deficits reported by Winneke et al. (1984). The
lack or" convincing evidence for IQ deficits at the blood lead levels (generally 15-30 ug/dl)
typifying the pediatric populations studied by Winneke comport well with the same type of
findings reported by British investigators (Yule; Smith; Harvey) for general population groups
with similar lead exposure ranges. At the same time, the possibility of small neuropsy-
chologic deficits being associated with lead exposure in apparently asymptomatic children at
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the exposure levels studied cannot be completely ruled out, given the overall pattern of re-
sults obtained with the cross sectional study designs employed by Winneke and the British in-
vestigators. Small, 1-2 point differences in IQ seen in some of their studies between control
and lead exposure groups might in fact be due to lead effects masked by much larger effects of
socioeconomic factors, home environment, or parental IQ. At the same time, the very small or
nil differences in IQ seen in these studies for children with blood lead levels mainly in the
15-30 ug/dl range suggest that, if the IQ decrements are in fact due to lead, then it is ex-
tremely unlikely that any IQ effects (of presumably even smaller magnitude) would be convinc-
ingly detectable at lower blood lead levels.

12.4.2.2.2.4 Studies of neuropsychiatrically disordered children. Rather than starting
with a known lead-exposed population and attempting to discover evidence of neurobehavioral
dysfunction, a number of studies have first identified a population with some recognized dis-
order and then looked for evidence of elevated lead exposure. For example, a series of
studies by David et al. (1972; 1976a,b; 1977; 1979a,b; 1982a,b; 1983; 1985) measured lead
levels in diagnosed hyperkinetic children and showed an association between hyperactivity and
elevated lead levels. However, whether a disorder such as hyperactivity is the effect or the
cause of elevated lead exposure is a difficult issue to resolve. It is possible, for example,
that hyperactive children might ingest more lead than normal children because of a greater
incidence of pica or even because they stir up more dust-borne lead by their activity. How-
ever, David et al. (1977) reported that blood lead levels of hyperactive children with a
probable etiology of an organic nature were lower than those of children with no apparent
cause (other than lead). This finding suggests that hyperactivity does not necessarily result
in elevated lead exposure, but it does not rule out the possibility of a third factor causing
both hyperactivity and elevated blood lead levels (see discussion of Gittelman and Eskenazi,
1983, below). Also, a problem common to the studies in question is the lack of adequate in-
formation on the children's past exposure to lead, particularly during preschool years when
children tend to be at greatest risk to higher exposure levels. As David et al. (1976a) have
acknowledged, it is difficult to establish an etiological relationship between lead and
behavioral disorders on the basis of retrospective estimations of lead exposure.

A recent study by David et al. (1983) appeared to obviate some of the problems of the
correlational approach by experimentally manipulating body lead levels, i.e., by reducing
blood lead concentrations through the administration of a chelating agent, penicillamine. The
objective was to determine if decreases in body lead would be accompanied by improvements in
children's hyperactive behavior, and in short, this was essentially the conclusion drawn by
David and his colleagues. In addition, the study compared the effect of the chelating agent
with a therapeutic drug of known efficacy, methylphenidate, and found the two treatments to be
roughly equivalent in reducing symptoms of hyperactivity.
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Although this study by David et al. (1983) was in many respects well designed and exe-
cuted, certain problems nevertheless cloud its interpretation. As noted by Needleman and
Bellinger (1984), the number of subjects per treatment group was rather limited (maximum of
31) and quite unbalanced due in part to a high and disproportionate subject attrition rate.
Subjects were particularly prone to drop out of the placebo group, and this imbalance was
exacerbated by a "chance preponderance" of subjects assigned to the penici1lamine treatment
and by later reassignment of some placebo and methylphenidate subjects to the penici1lamine
group. Questions might also be raised concerning the appropriateness of the statistical
treatment of data by David et al. (1983). For example, multivariate analysis of variance
(MANOVA) would seem to be more appropriate than separate ANOVAs and multiple t-tests applied
to the various outcome measures used to assess the children's behavior. Use of MANOVA would
also have helped alleviate the problem of regression toward the mean, which in this case may
have created the false impression that "improvements" in behavior, i.e., changes toward more
normal behavior, were due to an effect of the treatment. Rutter (1983, p. 313) has also noted
that David's multiple group comparisons are not as convincing as an analysis that would util-
ize individual blood lead and behavior scores (presumably, multivariate regression analysis).
Finally, as David et al. (1983) themselves point out, it is clear that lead could be only one
of several etiological factors in the causation of hyperkinesis or attention deficit disorders
in children and that, at best, their findings pertain only to recognized hyperactive children,
not to the general population.

An attempt by Gittelman and Eskenazi (1983) to replicate earlier work by David et al.
(1972; 1977) was only partly supportive of the latter1s findings. A large group of hyper-
active children (n = 103) showed a trend (p = 0.06) toward higher chelated lead levels in
their urine, but a clear-cut (p = 0.02) elevation in lead levels was evident only in paired
comparisons with 33 nonhyperkinetic siblings. As Gittelman and Eskenazi (1983) noted, this
finding raises the question of why the hyperactive children had higher lead levels than their
siblings, given that they shared the same water, air, and home environment. The possibility
of a third factor, e. g., a metabolic difference that might affect the ability to excrete lead
as well as the occurrence of hyperactivity, cannot be dismissed.

A study of 98 Swedish children with various minor neuropsychiatric disorders (e.g., per-
ceptual-motor dysfunctions, speech disorders, attention deficit problems) found no correlation
between the children's disorders and their tooth lead levels (Gillberg et al., 1982). How-
ever, comparing the 10 highest and 10 lowest lead-burdened children did reveal a significant
difference in a clinical measure of their mean reaction times.

Youroukos et al. (1978) compared the blood lead as well as ALA-D values of 60 Greek
children with mental retardation of unknown etiology against 30 mentally retarded children
with a known etiology and 30 normal children. The average values of the mentally retarded
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patients were significantly different from both of the control groups in two regards: blood
lead level was higher (30 ug/dl versus 21 ug/dl in both control groups) and, in 14 patients
with elevated (£40 ug/dl) blood lead levels, ALA-D activity was significantly lower.
Although pica was noted to be common in both groups of mentally retarded children, no child in
the study was known to have ever been lead-poisoned.

Work in Scotland has provided information tending to link prenatal lead exposures to the
later development of mental retardation. Beattie et al. (1975) identified 77 retarded chil-
dren and 77 normal children matched on age, sex, and geography. The residence during the ges-
tation of the subject was determined, and a first-flush morning sample of tap water was ob-
tained from the residence. Of 64 matched pairs, no normal children were found to come from
homes served with water containing high lead levels (>800 ug/liter), whereas 11 of the 64 re-
tarded children came from homes served with such high-lead water. The authors concluded that
pregnancy in a home with high lead in the water supply increases by a factor of 1.7 the risk
of bearing a retarded child. In follow-up work, Moore et al. (1977) obtained lead values from
blood samples drawn during the second week of life from children studied by Beattie et al.
The samples had been obtained as part of routine screening for phenylketonuria and kept stored
on filter paper. Blood samples were available for 41 of the retarded and 36 of the normal
children in the original study by Beattie et al. Blood lead concentrations in the retarded
children were significantly higher than values measured in normal children: the mean for
retardates was 1.23 ± 0.43 umol/liter (25.5 ±8.9 ug/dl) and for normals was 1.0 ± 0.38
pmol/liter (20.9 ± 7.9 ug/dl). The difference in lead concentrations was significant (p =
0.02) by the Mann-Whitney test.

These latter two studies suggest that lead exposure to the fetus during the critical
period of brain development may cause perturbations in brain organization that are expressed
later in mental retardation syndromes, and they raise for careful scrutiny the issue of post-
natal risks associated with intrauterine exposure to lead. Long-term prospective studies of
the type described next are beginning to produce results which address that issue.

12.4.2.2.2.5 Prospective Studies of Neurobehavioral Effects of In-Utero or Early Post-
natal Lead Exposures. During recent years a number of prospective studies have been initiated
in the United States and abroad (Europe, Australia, etc.). These studies emphasize the
following: (1) the documentation of lead exposure histories during pregnancy, at birth, and/
or postnatally well into later years of childhood; and (2) the evaluation of relationships
between such lead exposures and delays in early postnatal physical or neurological development
and, also, subsequent alterations in normal neuropsychological and neurophysiological func-
tions. Progress in a number of these studies was discussed at the Second International Con-
ference on Prospective Lead Studies held in April, 1984 (Bornschein and Rabinowitz, 1985).
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Initial results have been obtained from two of these studies and are of particular interest
here.

As part of a longitudinal study of early developmental effects of lead, Bel linger et al.
(1984a) administered Bayley Scales of Infant Development at age 6 months to infants born at a
Boston hospital. The infants were classified into three groups according to umbilical cord
blood lead levels obtained at birth: low (X = 1.8 u/dl); middle (X = 6.5 ug/dl); and high (X =
14.6 ug/dl; none exceeded 30 ug/dl). Multiple regression analyses indicated that the "high"
cord blood-lead levels were significantly associated with lower covariance-adjusted scores on
the Bayley Mental Development Index, but scores on the Psychomotor Development Index were not
related to cord blood-lead levels. Infant blood-lead levels sampled at 6 months of age were
not associated with scores on either the Mental or Psychomotor Development Index. These data
were interpreted by Bel linger et al. (1984a, 1985) as being compatible with the hypothesis
that low levels of lead delivered transplacentally to the fetus are toxic to the newborn
infant. However, although the results suggest that in utero exposure may result in delays in
early development during the first 6 months postnatally, the results do not allow estimation
of the persistence of the observed delays in postnatal neurobehavioral development.

Dietrich et al. (1985a) also recently reported initial results emerging from a long-term
prospective study of infants born in Cincinnati, Ohio. The Bayley Mental Development Index
(MDI), Psychomotor Development Scale (PDS), and Infant Behavior Record (IBR) were administered
at 3, 6, 12, and 24 months to infants not born at significant biological risk due to non-lead
factors (such as low birth weights, etc.). The Home Observation for Measurement of the Envi-
ronment (HOME) scales (Caldwell and Bradley, 1979) were used to assess and statistically con-
trol for relevant factors in the rearing environments of the infants, and blood samples were
obtained at birth (umbilical cord blood), 10 days, and every three months thereafter. Geo-
metric mean blood lead levels increased from 6.11 ug/dl at 3 months to 14.87 ug/dl at 12
months and included maximum values of 28, 33, 55, and 46 ug/dl at the 3, 6, 9 and 12 month
sampling points. Based on regression analyses between blood lead values at those time points
and MDI scores at 3, 6, and 12 months, only an unadjusted negative lag correlation between
blood levels at 3 months and MDI at 6 months was significant; but that correlation was sub-
stantially reduced and no longer significant after adjustment for HOME scores. Free erythro-
cyt;j protoporphyrin levels at 6 months were significantly correlated to 6-month MDI scores and
remained so after correction for HOME scores. As for IBR data, only "Sensory Interest" at
12 .nonths was significantly negatively correlated with 6 or 12 month blood lead levels (at
p l) 05 and p <0.01, respectively). The lag correlation between 6 month blood leads and 12
month IBR "Sensory Interest" was not significant after adjustment for HOME scores, but the
;orrelation with 12 month blood leads remained significant after adjustment for HOME scores.
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The investigators concluded, based on these initial results, that low to moderate lead expo-
sure during the first year of life has only a small impact (if any) on early sensorimotor
development.

(More recent significant results from these other longitudinal studies are reviewed and
assessed in the Addendum to this document.)

12.4.2.2.2.6 Studies of association of neuropsychologic effects and hair lead levels.
Several studies have reported significant associations between hair lead levels and behavioral
or cognitive testing endpoints (Pihl and Parkes, 1977; Hole et al., 1979; Hansen et al., 1980;
Capel et al., 1981; Ely et al., 1981; Thatcher et al., 1982; Marlowe et al., 1982, 1983, 1985;
Marlowe and Errera, 1982). Measures of hair lead are easily contaminated by external expo-
sure and are generally questionable in terms of accurately reflecting internal body burdens
(see Chapter 9). Such data, therefore, cannot be credibly used to evaluate relationships
between absorbed lead and nervous system effects and are not discussed further here.

12.4.2.2.2.7 Electrophysiological studies of lead effects in children. In addition to
psychometric and behavioral approaches, electrophysiological studies of lead neurotoxicity in
non-overtly lead-intoxicated children have been conducted. One such study (Thatcher et al.,
1984) reported significant effects on various measures of auditory and visual evoked poten-
tials in lead-exposed children, but the only measure of lead exposure was hair lead, which,
as previously noted, is not a suitable index of lead exposure.

Burchfiel et al. (1980) used computer-assisted spectral analysis of a standard EEC exam-
ination on 41 children from the Needleman et al. (1979) study and reported significant EEG
spectrum differences in percentages of alpha and low-frequency delta activity in spontaneous
EEGs of the high-lead children. Percentages of alpha and delta frequency EEG activity and
results for several psychometric and behavioral testing variables (e.g., WISC-R full-scale IQ
and verbal IQ, reaction time under varying delay, etc.) for the same children were then
employed as input variables (or "features") in direct and stepwise discriminant analyses. The
separation determined by these analyses for combined psychological and EEG variables
(p <0.005) was reported to be strikingly better than the separation of low-lead from high-lead
children using either psychological (p <0.041) or EEG (p <0.079) variables alone. Unfortun-
ately, no dentine lead or blood lead values were reported for the specific children from the
Needleman et al. (1979) study who underwent the EEG evaluations reported by Burchfiel et al.
(1980). Lead-exposure levels associated with the observed EEG effects would appear likely to
fall within the same broad 30-50 ug/dl blood lead range estimated earlier for the Needleman IQ
deficit observations.

Guerit et al. (1981) examined 79 11-year-old children attending three different schools
in the vicinity of a lead smelter and presenting blood lead levels up to 44 ug/dl (averaging
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ess than 30 ng/dl). Children from two distant urban and rural schools served as controls. A
europhysiological function score for each child was based on measures of EEGs, visual evoked
otentials, brainstem auditory evoked potentials, and eye movements. Neurophysiological
cores were negatively correlated (p <0.05 by Spearman rank correlation coefficient) with
• lood lead and FEP levels for the children from one of the smelter area schools, but the
uthors attributed this finding to the inclusion of four children who were left-handed or
uffering from external ear pathology. Chi-square tests of neurophysiological scores as a
unction of blood lead or FEP groupings based on the total study population were all non-
ignificant. Note that comparatively low power nonparametric statistical tests were employed
n this study because of the qualitative or ordinal nature of the data. However, the use of
tore detailed quantitative measures of neurophysiological function would have enabled the in-
-estigators to employ more powerful parametric statistics, with possibly different outcomes
"rom their analyses.

The relationship between low-level lead exposure and neurobehavioral function (including
?1ectrophysio1ogical responses) in children aged 13-75 months was extensively explored in
mother study, conducted at the University of North Carolina in collaboration with the U.S.
Invironmental Protection Agency. Psychometric evaluation revealed a significant lead-related
:Q decrement at the time of initial evaluation (Schroeder et al., 1985), as noted previously,
to relationship between blood lead and hyperactive behavior (as indexed by standardized play-
"oom measures and parent-teacher rating scales) was observed in these children (Milar et al.,
L981a). On the other hand, electrophysiological assessments, including analyses of slow cort-
ical potentials during sensory conditioning (Otto et al., 1981) and EEC spectra (Benignus et
jl,, 1981), did provide evidence of CMS effects of lead in the same children. A significant
linear relationship between blood lead (ranging from 6 to 59 ug/dl) and slow wave voltage
during conditioning trials was observed (Otto et al., 1981), as depicted in Figure 12-3.
Analyses of quadratic and cubic trends, moreover, did not reveal any evidence of a threshold
for this effect. The slope of the blood lead x slow wave voltage function, however, varied
systematically with age. No effect of blood lead on EEG power spectra or coherence measures
vas observed, but the relative amplitude of synchronized EEG between left and right hemis-
pheres (gain spectra) increased relative to blood lead levels (Benignus et al., 1981). A
significant cubic trend for gain between the left and right parietal lobes was found with a
"najor inflection point at 15 |jg/dl. This finding suggests that EEG gain is altered at blood
lead levels as low as 15 |jg/dl, although the clinical and functional significance of this mea-
sure has not been established.

A follow-up study of slow cortical potentials and EEG spectra in a subset (28 children
aged 35-93 months) of the original sample was carried out two years later (Otto et al., 1982).
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Slow wave voltage during sensory conditioning again varied as a linear function of blood lead,
even though the mean lead level had declined by 11 ug/dl (from 32.5 ug/dl to 21.1 ug/dl).
Although the EEC gain effect did not persist, the similarity of slow wave voltage results ob-
tained at initial and follow-up assessments suggests that the observed alterations in this
parameter of CNS function were persistent, despite a significant decrease in the mean blood
lead level during the two-year interval.

In a five-year follow-up study on a subset of the same children, Otto et al. (1985) found
that slow wave voltage varied as a function of current blood lead level during active condi-
tioning, but not during the passive conditioning test used in earlier studies. In the passive
test, a tone was paired with a short blackout of a silent cartoon. The active test was simi-
lar except that children pressed a button to terminate the blackout and resume the cartoon.
Although the brain response elicited by the active test is greater than that produced by the
passive test, the active test cannot be performed reliably by children under five years of
age.

In addition to the experimental conditioning tests, Otto et al. (1985) used two clini-
cally validated measures of sensory function, the pattern-reversal visual evoked potential
(PREP) and the brainstem auditory evoked potential (BAEP). Exploratory analysis of PREPs
revealed increased amplitude and decreased latency of certain components as a linear function
of original blood lead levels. Although these results were contrary to predictions, the find-
ings are consistent with the results of Winneke et al. (1984), who found an association
between increased blood lead level and decreased latency in the primary positive component of
PREPs in children. BAEP results of the five-year follow-up study also indicated significant
associations between original blood lead levels and increased latencies of two components
(waves III and V), indicative of auditory nerve conduction slowing.

Otto and his coworkers (Otto, 1986; Robinson et al., 1985) recently reported the results
of a replication study with an independent group of children 3 to 7 years old. Blood lead
levels ranged from 6 to 47 ug/dl at the time of testing. Psychometric data from this study
(Schroeder and Hawk, 1986) have been reviewed above. Sensory conditioning was limited to the
passive test due to the age range of the children. Contrary to earlier findings (Otto et al.,
1981, 1982), slow wave voltage did not vary with blood lead levels. Differences between the
two groups studied, however, may have contributed to the discordant results. Children in the
earlier studies were somewhat younger (1-6 versus 3-7 years) and were exposed by different
routes (secondary occupational exposure versus lead paint and contaminated soil) than children
in the replication study (see review by Otto, 1986). Until further studies are undertaken to
clarify the inconsistent slow wave results, earlier findings must be interpreted cautiously.
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Inconsistencies in PREP and BAEP results between the five-year follow-up and replication
studies were also found. Only one PREP amplitude measure varied systematically with blood
lead levels in the replication study, and this was in the opposite direction from previous
findings. BAEP results of the replication study were considerably more complex and only par-
tially consistent with the five-year follow-up study. Several BAEP latency measures showed a
curvilinear relationship to maximal blood lead levels, whereas a simple linear relationship
was observed in the earlier study. That is, BAEP latencies in the replication study decreased
as blood lead levels rose from 6 to 25 ug/dl, but increased at higher PbB levels. The des-
cending limb of this curve paralleled the findings of Winneke et al. (1984), who observed
faster peripheral nerve conduction velocities as well as decreasing latency in the primary
positive PREP component of children with blood lead levels up to 23 ug/dl. On the other hand,
the ascending limb of the BAEP latency curve was consistent with the five-year follow-up
results. Moreover, the I-V interpeak latency, a measure of central transmission time in the
auditory pathway, increased linearly with increasing blood lead levels in the replication
study. In addition, hearing threshold, a reflection of peripheral auditory system function,
increased directly with lead levels. Although hearing threshold did not vary with blood lead
level in the five-year follow-up study (Otto et al., 1985), this finding bears further in-
vestigation in view of other reports suggesting impaired auditory processing in lead-exposed
children (de la Burde and Choate, 1975; Needleman et al., 1979).

In summary, these electrophysiological studies provide suggestive evidence of lead-
related effects on CMS function in children at blood lead levels considerably below 30 ug/dl,
but inconsistent findings across studies require clarification. Linear dose-response rela-
tions have been observed in slow-wave voltage during conditioning (Otto et al., 1981, 1982,
1985), BAEP latency (Otto et al., 1985), PREP latency (Otto et al., 1985; Winneke et al. ,
1984), and PREP amplitude (Otto, 1986; Otto et al. , 1985a), although the specific components
affected and direction of effect varied across studies. Sensory evoked potentials, in parti-
cular, hold considerable promise as sensitive, clinically valid nervous system measures un-
affected by social factors that tend to confound traditional psychometric measures (Halliday
and McDonald, 1981; Prasher et al., 1981). BAEPs, for instance, are not altered by changes in
attention or level of consciousness. Reliable BAEPs can be recorded in (sedated) children
between the ages of one and five, the most vulnerable period for lead poisoning as well as the
most difficult period for most types of neurobehavioral testing. The current electrophysio-
logical evidence concerning lead exposure and brain function in children, however, is too
fragmentary to draw any firm conclusions. The use of evoked potential measures in prospective
pediatric lead studies would provide a very useful adjunct to other neurobehavioral tests and
would help to resolve current uncertainties regarding the neurobehavioral threshold of lead
toxicity.
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The adverse effects of lead on peripheral nerve function in children remain to be con-
sidered. Lead-induced peripheral neuropathies, although often seen in adults after prolonged
exposures, are rare in children. Several articles (Anku and Harris, 1974; Erenberg et al.,
1974; Seto and Freeman, 1964), however, describe case histories of children with lead-induced
peripheral neuropathies, as indexed by electromyography, assessment of nerve conduction veloc-
ity, and observation of other overt neurological signs, such as tremor and wrist or foot
drop. Frank neuropathic effects have been observed at blood lead levels of 60-80 ug/dl
(Erenberg et al., 1974). In one case study (Seto and Freeman, 1964), signs indicative of
peripheral neuropathy were reported to be associated with blood lead values of 30 M9/dl; how-
ever, lead lines in long bones suggested probable past exposures leading to peak blood lead
levels at least as high as 40-60 |jg/dl and probably in excess of 60 ug/dl (based on the data
of Betts et al., 1973). In all of these case studies, some, if not complete, recovery of
affected motor functions was reported after treatment for lead poisoning. A tentative associ-
ation has also been hypothesized between sickle cell disease and increased risk of peripheral
neuropathy as a consequence of childhood lead exposure. Half of the cases reported (10 out of
20) involved inner-city Black children, several with sickle cell anemia (Anku and Harris,
1974; Lampert and Schochet, 1968; Seto and Freeman, 1964; Imbus et al., 1978). In summary,
evidence exists for frank peripheral neuropathy in children, and such neuropathy can be
associated with blood lead levels at least as low as 60 ug/dl and, possibly, as low as 40-60
ug/dl

Further evidence for lead-induced peripheral nerve dysfunction in children is provided by
two studies by Feldman et al. (1973a,b, 1977) of inner city children and from a study by
'.andrigan et al. (1976) of children living in close proximity to a smelter in Idaho. The
nerve conduction velocity (NCV) results from the latter study are presented in Figure 12-4 in
".he form of a scatter diagram relating peroneal nerve conduction velocities to blood lead
levels. No clearly abnormal conduction velocities were observed, although a statistically
.significant negative correlation was found between peroneal NCV and blood lead levels (r =
-0.38, p <0.02 by one-tailed t-test). These results, therefore, provide evidence for signi-
Mcant -slowing of nerve conduction velocity (and, presumably, for advancing peripheral neuro-
pathy as a function of increased blood lead levels), but do not allow clear stateaents re-
garding a threshold for pathologic slowing of NCV.

In i recent study mentioned earlier, Winneke et al. (1984) evaluated neurophysiological
function-; as well as neuropsychologic performance in children from Nordenham, FRG. Results
from ,3 standard neurological examination and sensory nerve conduction velocities of the radial
in'i median nerves were analyzed in relation to concurrent blood lead values and umbilical cord
blued lead levels sampled approximately six years earlier. Contrary to expectations, in-
c^easing conduction velocities for radial and median nerves were found to be significantly
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associated with current blood lead levels (at p <0.01 and <0.10, respectively). As noted
above, visual evoked potentials showed a significantly decreased latency in one component,
which suggested more rapid conduction in the visual pathway, consistent with the peripheral
nerve conduction findings. Somatosensory evoked potentials showed no significant effect; nor
were associations found between any of the electrophysiological measures and cord blood lead
levels or any of a number of socio-hereditary background variables (the latter of which were
strongly related to neuropsychologic outcome results).

The lead-associated increases in nerve conduction observed by Winneke et al. (1984) for
children with blood lead levels below 25-30 ug/dl differ from previously noted findings of
slowed NCVs being associated with increasing blood lead values above 30 ug/dl. However, the
apparently paradoxical findings were noted by the investigators as being consistent with those
of Englert (1978), who similarly found an increase in the motor NCV of the median nerve among
lead-exposed children in Nordenham. Winneke et al. (1984) nevertheless cautioned that these
findings still require experimental confirmation before a bi-phasic effect of lead on peri-
pheral nervous functions can be assumed.

12.4.3 Animal Studies
The following sections focus on recent experimental studies of lead effects on behav-

ioral, morphological, physiological, and biochemical parameters of nervous system development
and function in laboratory animals. Several basic areas or issues are addressed: (1) behav-
iorial toxicity, including the question of critical exposure periods for concurrent induction
or later expression of behavioral dysfunction in motor development, learning performance, and
social interactions; (2) alterations in morphology, including synaptogenesis, dendritic deve-
lopment, myelination, and fiber tract formation; (3) perturbations in various electrophysiolo-
gical parameters, e.g., ionic mechanisms of neurotransmission or nerve conduction velocities
in various tracts; (4) disruptions of biochemical processes such as energy metabolism and
chemical neurotransmission; (5) the persistence or reversibility of the above types of effects
beyond the cessation of external lead exposure; and (6) the issue of "threshold" for neuro-
toxic effects of lead.

Since the initial description of lead encephalopathy in the developing rat (Pentschew and
Garro, 1966), considerable effort has been made to define more closely the extent of nervous
system involvement at subencephalopathic levels of lead exposure. This experimental effort
has focused primarily on exposure of the developing organism. The interpretation of a large
number of studies dealing with early i_n vivo exposure to lead has, however, been made diffi-
cult by variations in certain important experimental design factors across available studies.

One of the more notable of the experimental shortcomings of some studies has been the
occurrence of undernutrition in experimental animals (U.S. Environmental Protection Agency,
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1977). Conversely, certain other studies of lead neurotoxicity in experimental animals have
been confounded by the use of nutritionally fortified diets, i.e., most commercial rodent
feeds (Michaelson, 1980). In general, deficiencies of certain minerals result in increased
absorption of lead, whereas excesses of these minerals result in decreased uptake (see Chapter
10). Dietary mineral and vitamin components are known to alter certain neurotoxic effects of
lead (Woolley and Woolley-Efigenio, 1983). Commercial feeds may also be contaminated by vari-
able amounts of heavy metals, including as much as 1.7 ppm of lead (Michaelson, 1980). Ques-
tions have also been raised about possible nutritional confounding due to the acetate radical
in the lead acetate solutions often used as the source of lead exposure in experimental animal
studies (Barrett and Livesey, 1982).

Another important factor that varies among many studies is the route of exposure to lead.
Exposure of the suckling animal via the dam would appear to be the most "natural" method, yet
may be confounded by lead-induced chemical changes in milk composition. On the other hand,
intragastric gavage allows one to determine precisely the dose and chemical form of admin-
istered lead, but the procedure is quite stressful to the animal and does not necessarily re-
flect the actual amount of lead absorbed by the gut. Injections of lead salts (usually per-
formed intraperitoneally) do not mimic natural exposure routes and can be complicated by local
tissue calcinosis at the site of repeated injections.

Another variable in experimental animal studies that merits attention concerns species
and strains of experimental subjects used. Reports by Mykkanen et al. (1980) and Overmann et
al. (1981) have suggested that hooded rats and albino rats may differ in their sensitivity to
the toxic effects of lead, possibly because of differences in their rates of maturation and/or
rates of lead absorption. Such differences may account for variability of lead's effects and
differences in exposure-response relationships between different species as well.

Each of the above factors may lead to widely variable internal lead burdens in the same
or different species exposed to roughly comparable amounts of lead, making comparison and in-
terpretation of results across studies difficult (Shellenberger, 1984). The force of this
discussion, then, is to emphasize the importance of measurements of blood and tissue concen-
trations of lead in experimental studies. Without such measures, attempts to formulate dose-
response relationships are futile. This problem is particularly evident in later sections
dealing with the morphological, biochemical, and electrophysiological aspects of lead neuro-
toxicity. Jji vitro studies reviewed in those sections, in contrast to i_n vivo .studies, are of
limited relevance in dose-response terms. The i_n vitro studies, however, provide valuable
information on basic mechanisms underlying the neurotoxic effects of lead.

The following sections discuss and evaluate the most recent studies of nervous system in-
volvement at subencephalopathic exposures to lead. Most of the older studies are reviewed in
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the previous Air Quality Criteria Document for Lead (U.S. Environmental Protection Agency,
1977).
12.4.3.1 The Behavioral Toxicity of Lead: Critical Periods for Induction and Expression of
Effects. The perinatal period of ontogeny has been generally recognized as a particularly
critical time for the initiation of neurobehavioral pertubations by exposure to lead (U.S.
Environmental Protection Agency, 1977; Reiter, 1982; Kimmel, 1984). This view is based in
part on the metabolic characteristics of young organisms, which show comparatively greater
absorption and retention of lead (see Chapter 10). In addition, a number of behavioral
studies have compared the effects of lead exposure at different times during ontogeny and have
often found effects associated only with perinatal exposure (e.g., Brown, 1975; Brown et al.,
1971; Padich and Zenick, 1977; Shigeta et al., 1977; Snowdon, 1973).

On the other hand, several studies have demonstrated that alterations in behavior can
result from exposure after weaning or maturation in rats (Angell and Weiss, 1982; Bushnell and
Levin, 1983; Cory-Slechta and Thompson, 1979; Geist and Mattes, 1979; Geist et al. , 1985;
Kowalski et al., 1982; Lanthorn and Isaacson, 1978; McLean et al., 1982; Nation et al., 1982;
Ogilvie and Martin, 1982; Shapiro et al., 1973). Similar findings have been noted in adult
subjects of other species, including pigeons (Barthalmus et al., 1977; Oietz et al., 1979) and
fish (Weir and Hine, 1970).

The fact that late developmental exposure to lead can induce behavioral effects in
animals does not mean, of course, that early exposure is less effective or important. As the
following sections will show, the toxic effects of lead may be induced at various stages of
life, with the expression of these effects following closely or, in some cases, after con-
siderable delay.
12.4.3.1.1 Development of motor function and reflexes. A variety of methods have been used
to assess the effect of lead on the ability of experimental animals to respond appropriately,
either by well-defined motor responses or gross movements, to a defined stimulus. Such res-
ponses have been variously described as reflexes, kineses, taxes, and "species-specific" be-
havior patterns. The air righting reflex, which refers to the ability to orient properly with
respect to gravity while falling through the air and to land on one's feet, is only one of
several commonly used developmental markers of neurobehavioral function (Tilson and Harry,
1982). Overmann et al. (1979) found that development of this particular reflex was slowed in
rat pups exposed to lead via their dams (0.02 or 0.2 percent lead acetate* in the dams' drink-
ing water). However, neither the auditory startle reflex nor the ability to hang suspended by
the front paws was affected.

Concentrations are presented here as originally reported by authors. Note that a 0.2 percent
solution of lead acetate contains 0.1 percent lead. Also, for comparative purposes, a con-
centration of 0.1 percent equals 1000 ppm.
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Grant et al. (1980) exposed rats indirectly to lead j_n utero and during lactation through
the mothers' milk and, after weaning, directly through drinking water containing the same lead
concentrations their respective dams had been given. In addition to morphological and physi-
cal effects [see Sections 12.5, 12.6, and 12.8 for discussions of this work as reported by
Fowler et al. (1980), Kimmel et al. (1980), Faith et al. (1979), and Luster et al. (1978)],
there were delays in the development of surface righting and air righting reflexes in subjects
exposed under the 50- and 250-ppm lead conditions; other reflexive patterns showed no effect.
Locomotor development generally showed no significant alteration due to lead exposure, but
body weight was significantly depressed for the most part in the 50- and 250-ppm pups.

Rabe et al. (1985) used a similar experimental paradigm to evaluate developmental land-
marks in rat pups exposed via their dams to a 0.5 percent lead acetate solution. Although
this concentration of lead was much higher than the drinking water solutions used by Grant
et al. (1980), Rabe et al. (1985) found no apparent delays in the development of surface
righting and negative geotaxis reflexes, nor in the age at which the pups' eyes opened. Body
weight of the pups was reduced slightly at birth, but by postnatal day (PND) 30 the lead-
exposed pups had attained normal average weight. In comparing these two studies, it should
also be noted that the mean blood lead level at PND 16 was only 20 ug/dl for pups exposed
indirectly to 2500 ppm lead by Rabe et al. (1985), as opposed to a median of 35 ug/dl at PND
11 for pups exposed indirectly to 50 ppm lead by Grant et al. (1980). These differences are
probably attributable to the different diets used in the studies (see Mylroie et al., 1978).

The ontogeny of motor function in lead-exposed rat pups was also investigated by Ovemann
et al. (1981). Exposure was limited to the period from parturition to weaning and occurred
through adulteration of the dams' drinking water with lead (0.02 or 0.2 percent lead acetate).
The development of swimming performance was assessed on alternate days from PND 6 to 24. No
alterations in swimming ability were found. Rotorod performance was also tested at PND 21,
30, 60, 90, 150, and 440. Overall, the ability to remain on a rotating rod was significantly
impaired (p <0.01) at 0.2 percent and tended to be impaired (0.10 > p > 0.05) at 0.02 percent
(blood lead values were not reported). However, data for individual days were statistically
significant only on PND-60 and 150. An adverse effect of lead exposure on rotorod performance
at PND 30-70 was also found in an earlier study by Overmann (1977) at a higher exposure level
of 30 mg/kg lead acetate by intubation (average blood lead value at PND 21: 173.5 ± 32.0
jjg/dl). At blood lead concentrations averaging 33.2 ±1.4 ug/dl, however, performance was not
impaired. Moreover, other studies with average blood lead concentrations of approximately 61
pg/dl (Zenick et al., 1979) and 30-48 ug/dl (Grant et al., 1980) have not found significant
effects of lead on rotorod performance when tested at PND 21 and 45, respectively. Compari-
sons between studies are confounded by differences in body weight and age at time of testing
and by differences in speed and size of the rotorod apparatus (Zenick et al., 1979).
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Kishi et al. (1983) evaluated reflex development and motor coordination in male rats ex-
posed to lead acetate by gavage on PND 3-21. The air righting reflex was significantly
delayed in all three lead exposure groups (the lowest level producing an average blood lead
level of 59 ug/dl at PND 22). The startle reflex showed no effect, and eye opening was accel-
erated in the lowest exposure group. Rotorod performance at PND 53-58 was significantly
impaired in the highest exposure group (average blood lead level: 186 ug/dl at PND 22).
Ambulation was assessed at PND 59-60 and showed a high degree of variability across the lead
exposure groups (very low or very high levels or movement); other measures of activity showed
no differences. The effects on ambulation were not evident at PND 288-289.

Delays in the development of gross activity in rat pups have been reported by Crofton et
al (1980) and by Jason and Kellogg (1981). It should be noted that very few studies have
been designed to measure the rate of development of activity. Ideally, subjects should be
assessed daiiy over the entire period of development in order to detect any changes in the
rate at which a behavior pattern occurs and matures. In the study by Crofton et al. (1980),
photocell interruptions by pups as they moved through small passageways into an "exploratory
cage" adjacent to the home cage were automatically counted on PND 5-21. Pups exposed in utero
through the dams' drinking water (200 mg/1 solution of lead chloride) lagged controls by ap-
proximately one day in regard to characteristic changes in daily activity count levels start-
ing at PND 16. (Blood lead concentrations at PND 21 averaged 14.5 ± 6.8 ug/dl for represen-
tative pups exposed to lead in utero and 4.8 ± 1.5 ug/dl for controls.) Another form of
developmental lag in gross activity around PND 15-18, as measured in an automated activity
chamber, was reported by Jason and Kellogg (1981). Rats were intubated on PND 2-14 with lead
at 25 mg/kg (blood lead: 50.07 ± 5.33 ug/dl) and 75 mg/kg (blood lead: 98.64 ± 9.89 ug/dl).
In this case, the observed developmental lag was in the characteristic decrease in activity
that normally occurs in pups at that age (Campbell et al., 1969; Melberg et al., 1976); thus,
lead-exposed pups were significantly more active than control subjects at PND 18.

One question that arises when ontogenetic effects are discovered concerns the possible
t upt.vibuti on of the lead-exposed dam to her offsprings' slowed development through, for exam-
|j|f. reduced or impaired maternal caregiving behavior. A detailed assessment of various
aspects of maternal behavior in chronically lead-exposed rat dams by Zenick et al. (1979),
Jiscussed more fully in Section 12.4.3.1.4, and other studies using cross-fostering techniques
'Crofton et al., 1980; Mykkanen et al., 1980) suggest that the deleterious effects observed in
/oung rats exposed to lead via their mothers' milk are not ascribable to alterations in the
dams' behavior toward their offspring. Chronically lead-exposed dams may, if anything, tend
to respond adaptively to their developmentally retarded pups by, for example, more quickly
retrieving them to the nest (Davis, 1982) or nursing them for longer periods (Barrett and
Livesey, 1983).
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12.4.3.1.2 Locomotor activity. The spontaneous activity of laboratory animals has been meas-
ured frequently and in various ways as a behavioral assay in pharmacology and toxicology
(Reiter and MacPhail, 1982). Such activity is sometimes described as gross motor activity or
exploratory behavior, and is distinguished from the motor function tests noted in the previous
section by the lack of a defined eliciting stimulus for the activity. With reports of hyper-
activity in lead-exposed children (see Section 12.4.2), there has naturally been considerable
interest in the spontaneous activity of laboratory animals as a model for human neurotoxic ef-
fects of lead (see Table 12-3). As a previous review (U.S. Environmental Protection Agency,
1977) of this material demonstrated, however, and as other reviews (e.g., Jason and Kellogg,
1980; Michael son, 1980; Mullenix, 1980) have since confirmed, the use of activity measures as
an index of the neurotoxic effects of lead has been fraught with difficulties.

First, there is no unitary behavioral endpoint that can be labeled "activity." Activity
is, quite obviously, a composite of many different motor actions and can comprise diverse be-
havior patterns including (in rodents) ambulation, rearing, sniffing, grooming, and, depending
on one's operational definition, almost anything an animal does. These various behavior pat-
terns may vary independently, so that any gross measure of activity which fails to differen-
tiate these components will be susceptible to confounding. Thus, different investigators'
definitions of activity are critical to interpreting and comparing these findings. When these
definitions are sufficiently explicit operationally (e.g., activity as measured by rotations
of an "activity wheel"), they are frequently not comparable with other operational definitions
of activity (e.g., movement in an open field as detected by photocell interruptions). More-
over, empirical comparisons (e.g., Capobianco and Hamilton, 1976; Tapp, 1969) show that dif-
ferent measures of activity do not necessarily correlate with one another quantitatively.

In addition to these rather basic difficulties, activity levels are influenced greatly by
numerous variables such as age, sex, estrous cycle, time of day, novelty of environment, and
food deprivation. If not controlled properly, any of these variables can confound measure-
ments of activity levels. Also, nutritional status has been a frequent confounding variable
in experiments examining the neurotoxic effects of lead on activity (see reviews by U.S.
Environmental Protection Agency, 1977; Jason and Kellogg, 1980; Michaelson, 1980). In
general, it appears that rodents exposed neonatally to sufficient concentrations of lead ex-
perience undernutrition and subsequent retardation in growth; as Loch et al. (1978) have
shown, retarded growth per se can induce increased activity of the same type that has been
attributed to lead alone in some earlier studies.

In view of the various problems associated with the use of activity measures as a behav-
ioral assay of the neurotoxic effects of lead, the discrepant findings summarized in Table
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TABLE 12-3. EFFECTS OF LEAD ON ACTIVITY IN RATS AND MICE

Increased Decreased

Age-dependent,
qualitative, mixed or

no change

Baraldi et al. (1985)
Czech and Hoi urn (1984)
Driscoll and Stegner (1978)
Goiter and Michael son (1975)
Kostas et al. (1976)
Overmann (1977)
Petit and Alfano (1979)
Sauerhoff and Michael son
(1973)

Silbergeld and Goldberg
(1973, 1974a,b)

Weinreich et al. (1977)
Winneke et al. (1977)

Booze et al. (1983)
Driscoll and Stegner (1976)
Flynn et al. (1979)
Gray and Reiter (1977)
Reiter et al. (1975)
Verlangieri (1979)

Alfano and Petit (1985)
Barrett and Livesey (1982,
Brown (1975)
Coll ins et al. (1984)
Crofton et al. (1980)
Dolinsky et al. (1981)
Dubas and Hrdina (1978)
Geist and Balko (1980)
Geist and Praed (1982)
Grant et al. (1980)
Gross-Selbeck and

Gross-Selbeck (1981)
Hastings et al. (1977)
Jason and Kellogg (1981)
Kishi et al. (1983)
Kostas et al. (1978)
Krehbiel et al. (1976)
Loch et al. (1978)
McCarren and Eccles (1983)
Minsker et al. (1982)
Mullenix (1980)
Ogilvie and Martin (1982)
Rabe et al. (1985)
Rafales et al. (1979)
Schlipkoter and Winneke
(1980)

Shimojo et al. (1983)
Sobotka and Cook (1974)
Sobotka et al. (1975)
Zimering et al. (1982)

1985)
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12-3 should come as no surprise. Until the measurement of "activity" can be better standar-
dized, there appears to be little basis for comparing, or utility in further discussing, the
results of studies listed in Table 12-3.
12.4.3.1.3 Learning ability. When animal learning studies related to the neurotoxic effects
of lead were reviewed in 1977 (U.S. Environmental Protection Agency, 1977), a number of criti-
cisms of existing studies were noted. A major limitation of early work in this field was the
lack of adequate information on the exposure regimen (dosage of lead, how precisely adminis-
tered, timing of exposure) and the resulting body burdens of lead in experimental subjects
(concentrations of lead in blood, brain, or other tissue; time course of blood or tissue lead
levels; etc.). A review of studies appearing since 1977 reveals a notable improvement in this
regard. A number of more recent studies have also attempted to control for the confounding
factors of litter effects and undernutrition--variables that were generally not controlled in
earlier studies.

Unfortunately, other criticisms are still valid today. The reliability and validity of
behavioral assays remain to be established adequately, although progress is being made. The
reliability of a number of common behavioral assays for neurotoxicity is currently being de-
termined by several independent U.S. laboratories (Buelke-Sam et al., 1985). The results of
this program should help standardize some behavioral testing procedures and perhaps create
some reference methods in behavioral toxicology. Also, as well-described studies are repli-
cated within and between laboratories, the reliability of certain experimental paradigms for
demonstrating neurotoxic effects is effectively established.

Some progress is also being made in dealing with the issue of the validity of animal be-
havioral assays. As the neurological and biochemical mechanisms underlying reliable behav-
ioral effects become better understood, the basis for extrapolating from one species to
another becomes stronger and more meaningful. An awareness of different species' phylogene-
tic, evolutionary, and ecological relationships can also help elucidate the basis for compar-
ing behavioral effects in one species with those observed in another (Davis, 1982).

Tables 12-4 and 12-5 summarize exposure conditions, testing conditions, and results of a
number of recent studies of animal learning (see U.S. Environmental Protection Agency, 1977,
for a summary of earlier studies). The variety of exposure measures and testing paradigms
makes it impossible to organize these studies in a coherent dose-response fashion. Conse-
quently, the tables present, respectively, rodent and primate studies arranged alphabetically
by author and/or chronologically where appropriate. One point of obvious interest is the
lowest level of exposure at which behavioral effects are clearly evident. Such a determina-
tion is best done on a species-by-species basis. Rats seem to be the experimental animal
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TABLE 12-4. RECENT ANIMAL TOXICOLOGY STUDIES OF LEAD'S EFFECTS ON LEARNING IN RODENTS"

I
I—'
t—'
CD

Reference

Alfano
and Petit
(1985)

Angell
& Welss
(1982)

Booze et
al.
(1983)

Bushnell
and Levin
(1983)

Experimental
aniaal
(species

or strain)

Rat
(L-E)

Rat
(L-E)

Rat
(F-344)

Rat
(S-0)

Lead exposure
cone.

(MediuH)

0.4 or
4% PbC03
(food)

O.ZX
Pb(Ac)2
(water)

3 or 6
•g/kg
TEL
(15%
ethanol )

10 or
100 pp>
Pb
(water)

period
(route)

PNO 1-25
(via dam
and
direct)

PHO 3-21
(dM's
•ilk)
and/or
21-130
(direct)

PNO 5.
once
(s.c.)

PND 21-
56
(direct)

Treatment
groups
(n)

Csb (40)
C10 (50)
Pb, (50)
Pb2 (50)

0-0 (20) .
0-Pb (20) '
Pb-0 (24) ,
Pb-Pb (24)'

C0C (24)
C1S (23)
Pb, (24)
Pb2 (23)

C (6)
Pb, (6)
Pb, (6)

Litters
per
group

B
5
5
10

5. split

6, split

randOM
selection
fro* 12
litters

?

Tissue lead
(age Measured)

See Petit &
Alfano (1979)
for representa-
PbB levels

PbB (130d):
0-0: 2 ug/dl
0-Pb: 66
Pb-0: 9
Pb-Pb: 64

?

Bra1n-Pbd
(57 d):C: o ug/g
Pb,: 0.05
Pb2: 0.70

Age at
testing

66-
100 d

101-
123 d

58-
130 d

IB d

4. 5.
6, and
7 wk

Testing
paradig*
(task)

Passive
avoidance
(regain In
1 of 2 COM-
partaents
to avoid
shock);
T-MZC
( spontaneous
alternation)

Operant
(•ultiple
FI-TO-
FR-TO)

Passive
avoidance
(reMain
In 1 of 2
co«part«ents
to avoid
shock)

Radial ara
•aze (spon-
taneous
alternation)

Non-
behavioral
effects

B.w. of
Cs-Ss >
C0-~and
Pb2-Ss

Pb-Pb Ss
slg. lower
b.w. post-
weaning

B.w. of
Pb-Ss
< C-Ss

B.w. of
Pb2-Ss <
C-Ss~

Behavioral
results

Latencies of Pb-Ss
sig. shorter than
C-Ss' ; Pbz latencies
sig. shorter than
C,0's. Both Pb
groups performed
sig. less sponta-
neous alternation
than C-Ss.

Groups exposed post-
weaning (0-Pb, Pb-
Pb) had longer
Inter- Response
TiMes; group ex-
posed preweaning
(Pb-0) had
shorter IRTs.

Pb|-feaales showed
sig. poorer reten-
tion of avoidance
than ethanol con-
trols.

Both Pb,- and Pb2-
Ss chose unexplored
ar«s sig. less often
than C-Ss.



TABLE 12-4. (continued)

ro
i

Experimental
animal
(species

Reference or strain)

Cory- Rat
Slechta (S-D)
&
Thompson
(1979)

Cory- Rat
Slechta (S-D)
et al.
(1981)

Cory- Rat
Slechta (L-E)
et al.
(1983)

Lead exposure
cone,

(medium)

1) 50.
2) 300.

or
3) 1000

PPM
Pb(Ac)2
(water)

100 or
300 ppm
Pb(Ac)2
(water)

50, 100
or 500
Pb(Ac),
(water)

period
(route)

PND 20-
a) 70 or
b) ISO
(direct)

PNO
21-7

PNO 21-
a) 158 or
b) 315
(direct)

Treatment
groups
(n)

la: eC (4)e
Pb X5)
lb:
C (4)e
Pb (6)

2b:
C (3)e
Pb (4)

3b:
C (4)e
Pb (5)

C (4)
Pb, (5)
Pb2 (5)

C (6)
Pb, (6)
Pb2 (6)
Pb3 (6)

Litters
per
group

random
assign-
ment

random
assign-
ment

random
assign-
Mnt,
balanced
for b.w.

Tissue lead Age at
(age measured) testing

PbB (150 d): 55-
C: ~6 ug/dl 140 d
la: ~3
lb: ~7
2b: -27
3b: -42

Brain-Pb 55-
(post-test): ? d
C: 14-26 ng/g
Pb,: 40-142
Pb2: 320-1080

PbB (max): 55 d
C: <2 Mg/dl
Pb,: -40
Pb2: -50
Pb3: -90

Brain-Pb
(336 d):
C: 0.01 ug/g
Pb,: 0.31
Pb2: 0.57
Pb3: 1.4

Testing Non-
paradigm behavioral
(task) effects

Operant None
(FI-30 sec)

Operant None
(minimum
duration
bar-press)

Operant None
(FI-1 min)

Behavioral
results

Increased response
rate and inter-S
variabil ity in both
Pb, b and Pb2
groups; decreased
response rate in Pb3
group; effects in
Pb| reversed after
exposure terminated.

Pb groups impaired:
decreased response
durations; increased
response latencies;
failure to improve
performance by
external stimulus
control.

Higher response
rates in Pb-Ss;
number of sessions
to reach max. rate
a direct function
of Pb expos. Early
vs. late termina-
nation of exposure
period produced no
difference in re-
sponse rates.
sponse rates.



TABLE 12-4. (continued)

Experimental
animal
(species

Reference or strain)

Cory- Rat
Slechta (L-E)
et al.
(1985)

OieU Rat
et al. Expt. l(L-E)
(1978)

Expt. 2(CD)

Flynn Rat
et al. (L-E)
(1979) Expt. 1

Expt. 2

Expt. 3

Lead exposure Treatment
cone,

(nediu*)

25 ppn
Pb (Ac)2
(water)

200
«g/kg
Pb(Ac)2
(gavage)

250 pp*
Pb

(water)

0.5*
Pb(Ac),
(water)

0.2*
Pb(Ac)2
(water).
225 *g/kg

Pb
(gavage).
0.25X
Pb(Ac)2
(water)

same
as above
except 90
mg/kg Pb
(gavage)

period
(route)

PNO 21-
termina-
natlon
(direct)

PNO
3-30
(direct)

Preconcep-
tion to
termination
(via da*
until weaning
then direct)

Preconception
- PNO 22
(via da*)

Preconception
- birth
(via dam),
birth -
weaning
(direct).
weaning
- termination
(direct)

same as
above except
stopped at
PNO 33

groups
(n)

C (12)
Pb (12)

C (6) ,
Pb (7)1

C (4)e
Pb (4)

C (8)
Pb (10)

C (12)
Pb (12)

C (10) ,
Pb (10)'

Litters
per Tissue lead Age at
group (age measured) testing

random PbB (99, 143, 50 d
assign- 186 d):
•ent, C: <1 ug/dl
balanced Pb: 15-20
for weight

2. split ' 3
o*°
21 mo

? ? 8 mo

8 Brain-Pb ?
10 (3 d):

C: ~0
Pb: 0. 174 Mg/g
(30-34 d):
no sig. diffs.

6 (75-76 d): 49-
6 C: 0.13 Mg/g 58 d

Pb: 1.85

. see above 58-
* 60 d

Testing Non-
paradigm behavioral
(task) effects

Operant
(FI-1 min)

Operant
(minimum
20- sec
between
bar-presses)

Radial
arm *aze
( spontaneous
alternation)

Passive
avoidance
(remain
in 1 of 2
co*part*ents
to avoid
shock)

Shuttle-box
signalled
avoidance
(move fro* one
compartment to
other to avoid
elect, shock)

None

None

Pb-Ss b.w.
lower 1 wk.
prior to
test; C-Ss
reduced lo
same wt.
at test.

Brain wts.
of Pb-Ss
< C-SsT
no other
differences.

None

None

Behavioral
results

Sig. higher response
rate and shorter
IRTs by Pb-Ss during
first 40 sessions.

Short IRTs (S4 sec)
more prevalent in
Pb-Ss than in
C-Ss, but did not
result in different
reward rates; Pb-Ss
showed higher varia-
bility in response
rate under d-amphet-
amine treatment.

No sig. difference
between Pb-Ss
and C-Ss.

No sig. difference
in trials to crite-
rion, but Pb-Ss made
sig. fewer partial
excursions fro*
"safe" compartment.

No sig. difference
between Pb-Ss
and C-Ss.



TABLE 12-4. (continued)

ro
i

Experimental
animal
(species

Reference or strain)

Geist Rat
& Mattes (S-0)
(1979)

Geist Rat
et al. (S-0)
(1985)

Gross- Rat F,
Selbeck (W)
& Gross-
Selbeck
(1981)

F2

Hastings Rat
et al. (L-E)
(1977)

Lead exposure Treatment
cone,

(medium)

25 or
SO ppm
Pb(Ac),
(water)

25 or
50 ppm
Pb(Ac)2
(water)

1 g/kg
Pb(Ac)2
(food)

H

109 or
545 pp.
Pb(Ac)2
(water)

period
(route)

PNO 23-
termination
(direct)

PMO 21-
65
(direct)

Postweaning
- termination
(direct)

Preconception
- weaning
(via dam)

PNO 0-
21
(dam's
•11k)

groups
(n)

C (7)
Pb, (7)
Pb2 (7)

C (6)
Pb, (6)
Pb2 (6)

C (6)
Pb (6)

C (6)
Pb (6)

C (12)
Pb, (12)
Pb2 (12)

Litters
per Tissue lead
group (age measured)

? ?

? ?

? PbB
(-180 d):
C: 6.2 ug/dl
Pb: 22.7

? (-110 d):
C: 3.7
Pb: 4.6

random PbB
selection (20 d):
from 9 C: 11 ug/dl
litters Pb,: 29

Pb2: 42
(60 d):
C: 4
Pb,: 5
Pb2: 9

Testing Non-
Age at paradigm behavioral
testing (task) effects

58-? d Hebb- None
Williams
maze
(find way
to goal
box)

61 d T-maze None
(spontaneous
alternation);

143 d Hebb- Will iams
maze (find
way to goal
box)

Adult Operant None
(DRH)

3-4 mo

-90- Operant None
186 d (successive

brightness
discrlm. )

Behavioral
results

Pb,- and Pb2-Ss
made sig. more
errors than C-Ss;
Pb2-Ss slower
than C-Ss to
traverse maze.

Rate of spontaneous
alternation sig.
reduced in Pb-Ss.
No sig. differences
in H-W maze except
except for shorter
latency of Pb-Ss to
leave start box.

Both F, and F2
(especially F2)
Pb-Ss had greater
X rewarded responses
than C-Ss, i.e. ,
Pb-Ss bar-pressed
at higher rate
than C-Ss.

No sig. differences
between Pb-Ss
and C-Ss in
learning original
or reversed
discrlm. task.



TABLE 12-4. (continued)

roi
ro
ro

Reference

Hastings
et a).
(1979)

Hastings
et al.
(1984)

Kishi
et al.
(1983)

Kowalski
et al.
(1982)

Experimental
animal
(species

or strain)

Kdt
(L-E)

Rat
(L-E)

Rat
(W)

Mouse
(W)

Lead exposure
cone,

(medium)

0.02
or

0.2X
Pb(Ac)2
(water)

0.10X
or 0.20X
Pb(Ac)2
(water)

45. 90,
or 180
ug/g
b.w.
(water)

2 pp. Pb
(water)

period
(route)

PNO 0-21

(dam's
•ilk)

PNO 0 to
a) 30
(daa's
•ilk)
or
b) termi-
nation
(direct)

PNO 3-21
(gavage)

Adult
(direct)

Treatment
groups
(n)

C (23)
Pb, (11)
Pb2 (13)

C (22)
Pb, (25)
Pb2 (22)
Pb2£ (23)

C (10)
Pb, (10)
Pb2 (10)
Pb, (9)

C (16)
Pb (16)

Litters
per
group

random
selection
from 15
Utters

randoa
selection
from 49
litters

random
selection

?

Tissue lead
(age Measured)

PbB (20 d):
C: 11 ug/dl
Pbt: 29
Pbz: 65

Brain-Pb
(20 d):
C: 12.5 ugX
Pb,: 29
Pbz: 65

PbB
(20 d):
C: 3 ug/dl
Pb,: 30
Pbj : 57
Pb2': 40
(90bd):
C: 5
Pb,: 31
Pbj : 9
Pb̂ : 42

PbB (22d):
C: 10 ug/dl
Pb, 59
Pb2 152
Pbs 186

?

Age at
testing

120 d

270 d

330 d

-90 d

75-270 d

Adult
(13 d
after
start of
exposure)

Testing Non-
pa radig* behavioral
(task) effects

1) Operant None
(SIMllt. Vis.
dlscrlm. )
2) T-Mze
(success, vis.
discrlM. )
3) Operant
(go/no- go task)

Operant None
(1) spatial
discr. with
successive
reversals;
2) slmult.
visual discr. )

Operant B.w. of Pbs-
(1) CRF Ss < C-Ss
2) FR 20
3) EXT
4) DHL 20- sec
5) EXT)

Water T-maze None
(spatial
discrim.)

Behavioral
results

Pb2-Ss sig. slower
to reach criterion
than C-Ss on
simultaneous visual
discrimination task;
no sig. differences
on successive and
go/no-go discrim.
tasks.

No sig. differences
in performance except
for sig. pos. corre-
lation between day- 20
PbB levels and number
of non- rewarded re-
sponses between trials

Sig. greater varia-
bility In CRF re-
sponding by Pb, and
Pbj-Ss. No sig.
differences In
•can response
rates except Pb,-
Ss better than C-
5s at end of DHL
training.

Pb-Ss *ade more
errors than C-Ss.
food deprivation
exacerbated effect.



TABLE 12-4. (continued)

no
GO

Reference

Lanthorn &
Isaacson
(1978)

McLean
et al.
(1982)

Milar
et al.
(1981b)

Nation
et al.
(1982)

Experimental
animal
(species

or strain)

Rat
(L-E)

House
(Swiss)

Rat
(L-E)

Rat
(S-D)

Lead exposure
cone,

(medium)

0.27* Pb
(water)

20 or
2000 ppm

Pb
(water)

25. 100,
or 200
mg/kg b.w.

Pb
(gavage)

10 mg/kg
b.w. Pb
(food)

period
(route)

Adult
(direct)

Adult
(direct)

PNO 4-31
(direct)

PNO 100-
termi na-
tion
(direct)

Treatment
groups
(n)

C (4)
Pb (6)

C (16)
Pb, (16)
Pb2 (16)

C (10)
Pb, (5)
Pb2 (4)
Pb3 (6)

C (8)
Pb (8)

Litters
per Tissue lead Age at
group (age measured) testing

? ? Adult

? ? Adult
(10 d
after
start of
exposure)

3 PbB (32 d): 50 d
4 C: 5 ug/dl
4 Pb,: 26
4 Pb2: 63

Pba: 123

? ? 156 d

Testing
paradigm
(task)

T-maze
(1) spontane-
ous alterna-
tion
2) light
discrim.
3) spatial
discrim.)

Water T-maze
(spatial
discrim.)

Operant
(spatial
alternation
levers)

Operant
(conditioned
suppression
of respond-

Non-
behavioral
effects

C-Ss
pair- fed
to control
for loss
of b.w.

None

Sig. slower
growth rate
in Pbj-Ss

None

ing on Multiple

Overmann
(1977)

Rat
(L-E)

10. 30,
or 90
Pb(Ac)2
(gavage)

PNO 3-21
(direct)

C
Pb, 12-
Pb2 25
Pb3 ea.

? PbB (21 d): 26-29 d
C: 15 ug/dl
Pb, 33.2
Pb2 173.5
Pb3 226. 1

67-89 d

79-101 d
83-105 d
95-117 d

VI schedule)

Avers Ive
conditioning
(1) active
2) passive)

Operant
(inhibit
response)
E-maze
discrim.:
(1) spatial
2) tactile
3) visual)

None

Behavioral
results

Pb-Ss had sig.
lower rate of
spontaneous alterna-
tion; Pb-Ss sig.
slower than C-Ss
only on 1st spatial
discrim. task.

Pb-Ss showed no
improvement in
performance com-
pared to C-Ss.

No sig. differences
between C-Ss
and Pb-Ss.

Presentation of tone
associated with
electrical shock
disrupted steady-
state responding
more in PB-Ss than
in C-Ss.

Pb3-Ss sig. slower
in acquisition and
extinction of active
avoidance response;
no sig. diffs. for
passive avoidance.
All Pb groups failed
to inhibit responses
Pb2 3-Ss sig. worse
than C-Ss only on
tactile~discrim.



TABLE 12-4. (continued)

txperi mental
aniaia'
(specie-

Reference or strain/

Padich Rat
and (CD)
Zenick
(1977)

Penzien Rat
et al. (albino)
(1982)

Petit Rat
& Alfano (L-E)
(1979)

Rabe Rat
et al. (L-E)
(1985)

Lead exposure ireaLment Litters
cone

(medium)

750
mg/kg
Pb(Ac),
(water)

50 mg/kg
b.w.
Pb(Ac)2
(?)

0.4 or
4% PbC03
(food)

0.5X
Pb(Ac)2
(water)

period groups per Tissue lead Age at
(route) (n) group (age measured) testing

Preconception 0-0 (10) 5 ? 42-? d
to 0-Pb (10) 5
a) weaning Pb-0 (10) 5

(via dam) Pb-Pb (10) 5
or

b) termination
(via dam
and direct);
or

Weaning to
termination
(direct only)

3 times C (4) ? ? ?
over 5 Pb (7)
days (i.p.)

PNO C, (22) ~7 PbB 66-
1-25 C' (22) each; (25 d): 115 d
Xvia PB,, (22) split C: 2 ug/dl
dam and Pb, (22) for "i" Pb,: 331
direct) Pba, (22) (isola- Pb2: 1297

Pbj' (22) tion and
"e" (en-
richment)
conditions

Precon- Clf(16) 2 PbB (1 d): 17 d
ception C2T (12) each, C, 2: 10 ug/dl
to birth Pb (14) split Pb; 98
(via dam) (16 d):

C, 2: 9
Pbf 20

Testing Non-
paradigm behavioral
(task) effects

Operant
(FR 20)

Lashley lit
maze (find
way to goal
box)

Hebb-
Williams
maze
(find way
to goal
box)
Passive
avoidance
(remain
in compart-
ment to
avoid shock)

T-maze
(spatial
discr. ,
reversal)

B.w. of
Pb-Ss < 0-Ss
froi birth"
to weaning.

B.w. loss,
impaired
gait, slowed
movement ,
some ataxia
of hind
limbs

B.w. of
Pb2-Ss
< C-|s.
Pb,-5s
> C-5s;
gross
toxicity
In Pb2-Ss;
lower brain
wts. in
Pb,-Ss

B.w. of
Pb-Ss <
C-Ss at
birth
(includes
pair- fed
C-j-Ss)

Behavioral
results

Pb-Pb group
had sig. fewer
rewarded responses
and took sig. longer
to complete FR 20
requirement.

Pb-Ss showed
slower acquisition
(in terms of speed
and rate, but not
errors); by 3rd
session, no sig.
diffs. except that
Pb-Ss made sig.
fewer errors than
C-Ss.

No sig. diff.
between Pb- and C-
Ss in maze learning;
Isolation-reared
Pb-Ss less success-
ful'than C.-Ss
on pass ivej avoidance
task; enrichment-
reared Pb,-Ss = C-Ss
but Pb2 -Ss'sig,
worse on passive
avoidance.

No sig. diffs. in
acquisition or
reversal errors.



TABLE 12-4. (continued)

Experimental
animal
(species

Reference or strain)

Rosen Rat
et al. (L-E)
(1985)

Schlipkoter Rat
& Winneke (?)
(1980) Expt. 1

Expt. 2

Expt. 3

Expt. 4

Lead exposure Treatment Litters
cone,

(medium)

10 mg/kg
b.w.
Pb(Ac)2
(?)

25 ppm
Pb

(food)

75 ppM
Pb

(food)

——— Same as

25 or
75 pp.
Pb

(food)

period groups per
(route) (n) group

PNO 1-20, C, (16) , 4 .,
daily Pb, (15)' *• spm
(i.p.) C2 (8) , - .,

QL / Q\ \ £• » *l* 1 1 VrU2 \O )

Preconception C (10) ?
- PNO 120 Pb, (18)
(via da.)
and direct)

a) Prenatal- C (10) ?
7 MO (via Pb, (10)
dam and Pb2* (10)
direct D

b) Prenatal-
weaning
(via da.)

Expt. 2 ——— C (14) ?
Pb3a (14)
W>3* (14)

Prenatal C (10) ?
- 7 MO Ph. (10)
(via da. Pb,? (10)
and direct)

Tissue lead Age at
(age Measured) testing

PbB (21 d): 1) 30-
C,: 3 pg/dl 50 d
Pb,: 158 and/or
(180 d): 2) 150 d
C2: 5
Pb2: 8

PbB: 7 MO
all C: <5 ug/dl
Pb, (21 d):
39.5
(4 MO):
12.0

Pb, :
(21ad) 29.2
(7 MO) 27.0
Pb2. :
(21bd) 29.2
(7 MO) 5.2

(21ad) 29.9
(7 MO) 30.8

(21bd) 29.9
(7 MO) 1.8

(120 d)
Pb, : 17.8
Pb«a: 28.6*b

.

Testing Non-
paradigm behavioral
(task) effects

Radial-arm B.w. of
maze (find Pb-Ss <
food in each C-Ss at
of 8 arms), 25~d. but
passive not sig.
avoidance after 50 d
(remain in
1 of 2 COM-
partments to
avoid shock)

Lashley ?
jumping
stand
(size
discriM. )

M ?

" ?

Water ?
Maze
(spatial
discriM.)

Behavioral
results

No sig. differences
on radial arm maze
for either Pb,
(young) or Pb2
(adult) Ss. Sig.
longer latency on
passive avoidance
for Pb,-Ss, but not
when retested as
adults. Pb2-Ss
tested first time
at 150 d had sig.
shorter latencies
(i.e. , performed
worse than C-Ss).

Sig. increase in
error repetition
by Pb,-Ss.

Non-sig. (p <0.10)
increase in error
repetition by Pb2-
Ss.

No sig. differences
between Pb3-Ss
and C-Ss.

35X of Pb,-Ss failed
to reach criterion
(vs. 10X C-Ss); 3bX
also failed retest
after 1 wk (vs. OX
C-Ss).



TABLE 12-4. (continued)

rsj
en

Experimental
anima: Lead exposure treatment

Reference

Taylor
et al.
(1982)

Winneke
et al.
(1977)

Winneke
et al.
(1982b)

Zenick
et al.
(1978)

I spec las cone,
or strain) (medium)

Rat
(CO)

Rat
(W)

Rat
(W)
Expt. 1

Expt. 2

Rat
(CO)

200 or
400 mg/1
Pb(Ac)2
(water)

1.38 g
Pb(Ac)2
per kg
diet
(food)

80, 250
or 750
ppm Pb
(food)

-Continuation

1000
mg/kg
Pb(Ac)2
(water)

period groups
(route) (n)

Preconception
- weaning
(via dam)

Preconception
- testing
(via dam
and
direct)

Preconception
- testing
(via dam
and
direct)

of Expt. 1-

Preconception
- weaning
(via dam)

C (12)
Pb, (16)
C2 (4)
Pb2 (4)

C (20)
Pb (20)

C (16)
Pb, (16)
Pbz (16)
Pb3 (16)

C (10)
Pb2 (10)
Pbs (10)

C (10)
Pb (10)

Litters
per Tissue lead
group (age measured)

69 PbB (21 d):
89 C: 3.7 ug/dl
2fl Pb,: 38.2
2fl Pba: 49.9

? PbB
(random (-16 d):
selection C: 1.7 ug/dl
from Pb: 26.6
110 male (-190 d)
pups) Pb: 28.5

random ?
selection
from 5-6
litters
per condi-
tion

(females ?
dropped;
no Pb, group
for Expt. 2)

5 ?
5

Testing Non-
Age at paradigm behavioral
testing (task) effects

11 d Runway
(traverse
alley to
reach dam
and dry
suckle)

100- Lashley
200 d jumping

stand
(visual
discrim.
of stimulus:
Dorientatlon
2)s1ze)

70- Shuttle-box
100 d signalled

avoidance
(move from
one compart-
ment to avoid
elect, shock)

190- Lashley
250 d jumping stand

(size discrim.

30- Water T-maze
40 d (1) black-white

discrim.
55- 2) shape
63 d discrim.)

None

B.w. of
Pb-Ss > C-Ss;
however, sTze
of Pb-Ss
litters
< C-S
litters.

ALA-0 at
90 d:
C: 7.05 U/l
Pb,: 4.26
Pb2: 1.92
Pb,: 1.18

)

B.w. of
Pb-Ss <
C-Ss from
birth to
50 d.

Behavioral
results

No sig. differences
in acquisition of
response, but
both Pb groups
sig. slower to
extinguish when
response no longer
rewarded.

Pb-Ss sig. slower
to Team size
discrimination;
no difference
between Pb and C
groups on orienta-
tion discrim. (a
relatively easy
task).

Expt. 1 Pb-Ss sig.
faster than~C-Ss to
learn avoidance
response.

Expt. 2 Pb-Ss
sig. slower~than
C-Ss to learn
size discrim.

On both discrim.
tasks, Pb-Ss
made sig. more
errors with sig.
shorter response.



TABLE 12-4. (continued)

Reference

Zenick
et al.
(1979)

Experimental
animal Lead exposure Treatment Litters
(species cone. period groups per

or strain) (medium) (route) (n) group

Rat 750 Preconception 0-0 (?) 5
(CO) mg/kg to Pb-0 (?) 5

Pb(Ac), a) weaning Pb-Pb (?) 5
(water) (via dam)

or
b) termination

(via dam
and direct)

Tissue lead
(age measured)

i

Testing Non-
Age at paradigm behavioral Behavioral
testing (task) effects results

42-? d Operant B.w. of Pb-Pb group had sig.
(FI-1 min) Pb-Ss fewer rewarded

< 0-Ss responses across
from birth sessions than Pb-0
to weaning. or 0-0 groups.

Abbreviations and symbols:
?
ALA-0
b.w.
C.
CO
CRF
ORH
DRL
EXT
F,
F2
F-344
Fl
FR
I P
IRT
br.-<;c rxmi

information not given in report
delta aminolevulinic acid dehydrase
body weight
control group
substrain of Sprague-Dawley
continuous reinforcement for each response
differential reinforcement of high response rates
differential reinforcement of low response rates
extinction
1st filial generation
2nd filial generation
Fischer-344
fixed interval
fixed ratio
intraperitoneal injection
inter response time

» frnm llttorc nf •* mine Aa/*h • P-_-Cc from Itttovc t\f Ifl* kAfrh

L-E
Pb

Pb(Ac)2
PbB
PbC03
PNO
S
I.e.s-o
TEL
TO
U/l
VI
W
WGTA

DK nr*/\imc fr-e\m lit

Long-Evans
lead-exposed group (subscript indicates exposure level or
other experimental condition)

lead acetate
blood lead
lead carbonate
post-natal day
subject
subcutaneous injection
Sprague Oawley
triethyl lead
time out
pmole ALA/min x liter erythrocytes
variable interval
Wistar
Wisconsin general testing apparatus

frafc nf f^ aar-K

cC0-Ss sham injected; C,s-Ss injected with 1SX ethanol. ,
fi ~ "~For Ss on zinc-replete diet; Ss on zinc-deficient diet had higher Pb concentrations.
Sleight-matched controls.
Pair-fed and -watered controls.

"Inferred from information in report.



1ABLE 12-5. RECENT ANIMAL TOXICOLOGY STUDIES OF LEAD'S EFFECTS ON LEARNING IN PRIMATES"

roi
ro
CO

Lead exposure
cone.

Reference ipecies (medium)

Bushnell Macaca -0.53 or
& BovMan mulatta 1.15
(1979a) mg/kg

Expt. 1 Pb (*ilk)
adjusted
to Main-
tain tar-
get PbBs

Expt. 2 -0.25 or
Test 1 1.06

•g/kg
Pb («ilk)
adjusted
to Main-
tain tar-
get PbBs

Test 2

Test 3 —————
after

period
(route)

Birth -
1 yr
(direct)

Birth -
1 yr
(direct)

Continuation

Treatment
groups
(n)

C (4)
Pb, (3)
Pb2 (3)

C (4)
Pb, (4)
Pb2 (4)

Continuation of Expt.

of Expt. 2 — ------
exposure terminated at 12 mo

Tissue lead
(age measured)

PbB (1st yr)b:
C: -5 ug/dl
Pb,: 37
Pb2: 58

PbB (1st yr)b:
C: ~4 ug/dl
Pb,: 32
Pb2: 65

2 ——— — -- —

PbB (16 mo):
C: ~5 ug/dl
Pb,: 19
Pb2: 46

Testing Non-
Age at paradigm behavioral
testing (task) effects

5- WGTA (form None
10 mo discrim.

reversal
learning)

l.S- 2-choice None
4.5 mo maze

(dlscr.
reversal
learning)
non-food
reward

5- WGTA None
12 mo (series

of 4
reversal
dlscr.
problems)

15 MO WGTA None
(discr.
reversal
learning,
more
difficult
cues)

Behavioral
results

Both Pb groups
retarded in rever-
sal learning;
Pb2-Ss especially
impaired on 1st
reversal following
overtraining.

Pb2-Ss sig.
retarded on 1st
reversal (confirms
Expt. 1 using dif-
ferent task and
reward to control
for possible con-
founding by motiva-
tional or motor
factors).

Both Pb groups
retarded in
reversal learning;
Pb2-Ss
impaired on 1st
reversals regard-
less of prior over-
training.

Pb2-Ss retarded
on 1st reversal.



TABLE 12-5. (continued)

Reference

Bushnell
& Bowman
(1979b)

Hele et
al. (1984)

Levin and
Bowman
(1983)

Expt.

Expt.

Laugh) in
et al.
(1983)

Species

Hacaca
mulatta

Macaca
mulatta

Hacaca
iuTatta

1 (Continuation

2 (Continuation

Hacaca
mulatta

Lead exposure
cone. period

(medium) (route)

--Continuation of Bushnell

--Continuation of Bushnell

0.29 or Birth -
0.88 mg/kg 1 yr
Pb (Milk) (direct)

of Expt. 2 of Bushnell &

of Expt. 4 of Bushnell &
3 or 6 Preconception
•g/kg - Birth
Pb(Ac)2 (via Mother)
(water)

-10 mg/kg Weeks 5-6
and/or and/or
-0.5 mg/kg birth-
b.w. Pb 1 yr
(•ilk) (direct)

Treatment
groups
(n)

& Bowman (1979a)—

& Bowman (1979a)--
C (4)
Pb, (3)
Pb2 (3)

C (3)
Pb, (4)
Pb2 (3)

Bowman, 1979a)

Bowman, 1979c)
C (5)
Pb, (3)
Pb2 (4)

C (4)
Pb, (4)
Pb2 (4)
Pbs (4)

Tissue lead
(age measured)

PbB (56 mo):
C: 4 ug/dl
Pb,: 5
Pb2: 6

PbB (37 mo):
C: 3 ug/dl
Pb,: 5
Pb2: 11

PbB (1st yr):
C: -5 ug/dl
Pb,: 40
Pbz: 85

PbB (birth):
C: 5 ug/dl
Pb,: 30
Pb2: 55

PbB (12 mo):
C: 3.4 ug/dl
Pb,: 8.6 (pulse o
Pb2 53.4 (chronic
Pb3 55.0 (chronic
(16 mo):
C: 4
Pb, 7.8
Pb2 29.5
Pb3 30.2

Age at
testing

49-
55 mo

33 mo

4-5
yr

4-5
yr

a: 12 mo
b: 16 mo

™ly)
only)
& pulse)

Testing Non-
paradigm behavioral
(task) effects

WGTA None
(spatial
discr.
reversal
learning)

Ope rant None
(FI-1 min)

WGTA- None
Hamilton
search task
(find food
under 6 boxes)

Same None
(find food
under 8
boxes)

WGTA None
(discr.
reversal
learning:
a: without
overtrng;
b: with
overtrng. )

Behavioral
results

Both Pb groups
retarded in rever-
sal learning;
3 Pb2-Ss failed to
retain motor pattern
for operating WGTA
from 1 yr earl ier.

Rate of acceleration
in fl pattern of
responding sig. re-
duced in Pb, + Pb2
Ss.

Pb-Ss sig. slower
to reach criterion
(examine 6 boxes
without repeats).

No sig. differences
in Pb- and C-Ss; all
Ss had equal diffi-
culty with criterion
of 8.

No differences between
Pb- and C-Ss at 12 mo;
Pb, and Pb3 (pulse
exposed) slower to
reach criterion on
reversal at 16 mo;
no sig. difference
between Pb2- and
C-Ss.



TABLE 12-5. (continued)

ro
i

CO
CD

Lead exposure

Reference

Rice
& Willes
(1979)

Rice
et al.
(1979)

Rice (1984)

Rice (1985a)

cone.
Species (mediuM)

Macaca 500
fascicu- ugAg
laris b.w. Pb

(•ilk)

— — — ---Continuation of

Macaca SOO ug/kg
fascicu- b.w. Pb
laris («11k)

Macaca 50 or
fascicu- 100 ufl/kg
laris Pb (Bilk)

period
(route)

Birth -
life
(direct)

Rice & Willes

Birth -
life
(direct)

Birth -
life
(direct)

Treatment
groups
(n)

C (4)
Pb (4)

(1979)— — ——

C (4)
Pb (4)

C (7)
Pb, (8)
Pb2 (5)

Tissue lead Age at
(age Measured) testing

PbB 421-
(200 d): 714 d
C: <5 ug/dl
Pb: 35-70
(400 d):
Pb: 20-50

PbB (400+ d): 2.5-
20-30 ug/<n 3 yr

PbB (peak): 3-
C: <5 ug/dl 3.5 yr
Pb: 55.3
(steady state):
Pb: 32.8

PbB (p«ak): 3-4
C: 3.5 ug/dl yr
Pb,: 15.4
Pb2: 25.4
(steady state):
C: 2.9
Pb,: 10.9
Pb2: 13.1

Testing
paradig*
(task)

Non-
behavioral
effects

WGTA None
(fora
discriM.
reversal)

Operant None
(Multiple
FI-TO)

Operant None
(delayed
Matching to
saaple for:
1) color
2) position)

Operant None
(1) for* (incl. b.w.
dlscr. and blood
reversal; chemistry)
2) color
discr. reversal;
3) fora
discr. reversal,
color irrelevant)

Behavioral
results

Pb-Ss slower
to Team successive
reversals.

Pb-Ss responded
at higher rates,
had shorter I NTs,
and tended to
respond More during
tine- out
(unrewarded).

Pb-Ss performed both
tasts sig. worse
than C-Ss, although
no difference in ac-
quisition or at 0
delay. Pb-Ss nade .
perseveratTve errors
on color Matching
task.

Pb,-Ss sig. worse
than~C-Ss on last 4
of 15 reversals for
all 3 tasks, i.e. ,
did not improve as
Much as C-Ss; Pb2-Ss
sig. worse than C-5s
on all reversals.



TABLE 12-5. (continued)

Lead exposure

Reference

Rice (1985b)

Rice and
Gilbert
(1985)

Species

Hacaca
fascicu-
laris

Hacaca
fascicu-
laris

cone,
(medium)

2000
Mfl/kg
b.w. Pb
(•ilk)

period
(route)

Birth -
life
(direct)

Treatment
groups
(n)

C (6)
Pb (6)

•Continuation of Rice

Tissue lead
(age measured)

PbB (peak):
C: 3.1 ug/dl
Pb: 115.0
(steady state):
C: 3.5
Pb: 33.0

I X.VO3a f

Age at
testing

a: 0-9
no;

b: 3-4
yr

Testing
paradigm
(task)

Ope rant
(a: FI
2 min
or FR 10-40;
b: mult
FI-FR)

Operant
(DRL)

Non-
behavioral
effects

None

None

Behavioral
results

At 0-9 mo, Pb-Ss
paused sig. longer;
at 3-4 yr. Pb-Ss had
sig. shorter IRTs,
higher response
rate and greater
variability of re-
sponse rate.

Pb-Ss sig. worse in
learning to respond
at low rate; also
sig. greater
session-to-session
variability in per-
formance during
terminal sessions.

1 — '
IV
1

» — '
CO
( — '

Winneke
et al.
(1983);

Lilienthal
et al.
(1983)

Zook et al.
(1980)

Hacaca
•ulatta

Hacaca
mulatta

350 or
600 ppm
Pb(Ac)2
(food)

1) 300
mg/kg
or
2) 100
mg/kg Pb
(paint)

Preconception
-5 mo post-
natal (via
•other and
direct)

1) 10-23 wk
from age
6-8 mo or
2) 43-113 d
from age
5-12 d
(direct)

C (6)
Pb, (5)
Pb2 (6)

C, (3)c
Pb, (41
C2 (2)
Pb2 (4)

PbB
C:
Pb,
Pb2

PbB
C:
Pb,
Pb2

(post-test): ?
9.6 ug/dl
: 51.7
: 71.4

(term.): 1) 15-16 mo
12 ug/dl 2) 6 mo
: 470
: 96

WGTA ?
(series of
36 di scrim.
problems)

WGTA Various
(series of clinical
10 stimulus signs
discrim.
problems)

Sig. dose-related
deficits in learning
set formation in
both Pb groups.

No sig. difference
in mean number of
errors.

Abbreviations:
b.w.
C
DRL
FI
FR
IRT
Pb
Pb(Ac)2
PbB
S
WGTA

body weight
control group
differential reinforcement of
fixed interval
fixed ratio

low response rates

inter response time
lead-exposed group
lead acetate
blood lead
subject
Wisconsin general

(subscript indicates exposure level or other experimental condition)

testing apparatus
Corrected annual averages obtained from Bushel! (1978).

cage-matched controls.



selected for the great majority of the behavioral studies, despite concerns that have re-
peatedly been expressed concerning the appropriateness of this species as a subject for be-
havioral investigation (e.g., Lockard, 1968, 1971; Zeigler, 1973).

A number of studies have reported alterations in learning task performances by rats with
blood lead levels below 30 ug/dl. The lowest exposure level to be significantly associated
with a behavioral effect was reported by Bushnell and Levin (1983), who exposed rats from PND
21 (postweaning) to a drinking water solution of 10 ppm lead for 35 days. Although blood lead
concentrations were not measured, brain lead levels at PNO 57 (the day following termination
of lead exposure) averaged 0.05 ug/g. By comparison with other studies in which lead levels
in blood as well as brain were determined at a similar age (Collins et al., 1984; Grant et
al., 1980; Bull et al., 1979), it would appear that the animals in question probably had
maximum blood lead levels under 20 ug/dl.

The behavior assessed by Bushnell and Levin (1983)--spontaneous alternation in a radial
arm maze—could be described as a form of natural or unrewarded learning, since there was no
experimenter-imposed contingency of reinforcement for alternating between different arms of
the maze before reentering a previously selected arm. Other testing paradigms have also re-
vealed behavioral alterations in subjects exposed to quite low levels of lead. For example,
Cory-Slechta et al. (1985) reported significant effects in rats exposed postweaning to a
25-ppm lead acetate solution for their drinking water. Exposure continued throughout the
course of the experiment, with blood lead levels stabilizing at 15-20 ug/dl by PND 99 (the
first point of measurement), by which time the behavioral effects were already evident. In
this case, the outcome was a significantly higher response rate in the lead-exposed animals on
a fixed-interval operant schedule of food reinforcement. Consistent with this finding, the
interval between bar-press responses was also significantly shorter in the lead-exposed rats.
Cory-Slechta and her colleagues obtained similar results at higher exposure levels in a series
of earlier studies (Cory-Slechta and Thompson, 1979; Cory-Slechta et al., 1981, 1983), even
when the operant schedule or contingency for reinforcement was rather different. For example,
in the experiment by Cory-Slechta et al. (1981), a bar-press of a certain minimum duration was
required before the rats could be rewarded. Subjects exposed to 100 or 300 ppm lead acetate
solutions for drinking water were impaired in their ability to meet this response requirement.

A tendency to respond more rapidly (higher response rate, shorter inter-response times,
shorter response latencies) or to respond even when inappropriate (when no reward is provided
for responses or when reward is specifically withheld for responding) has been reported in
quite a few other studies of lead-exposed rats (Alfano and Petit, 1985; Angel 1 and Weiss,
1982; Cory-Slechta and Thompson, 1979; Cory-Slechta etal., 1983; Dietz et al. , 1978;
Gross-Selbeck and Gross Selbeck, 1981; Hastings et al., 1984; Nation et al., 1982; Overmann,
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1977; Padich and Zenick, 1977; Rosen et al., 1985; Taylor et al., 1982; Winneke et al., 1982b;
Zenick et al., 1978). In many of these investigations the lead exposure levels were rather
low, resulting in blood lead concentrations under 30 ug/dl at the time of assessment (although
peak levels may have been considerably higher).

Additional forms of impairment have been reported in studies using other behavioral test-
ing paradigms. Winneke and his associates (Winneke etal., 1977, 1982b; Schlipkoter and
Winneke, 1980) employed an apparatus requiring the subjects to discriminate between stimuli of
different sizes and found that lead-exposed rats were slower to learn the discrimination or
tended to repeat errors more than control subjects. In these studies, exposure occurred TJ\
utero as well as via the dam's milk and directly through the subjects' drinking water post-
weaning. Blood lead levels around PND 16 were less than 30 ug/dl in the study of Winneke
et al. (1977). A number of other reports have also noted impaired discrimination acquisition
or performance in various testing paradigms with rats (Booze et al., 1983; Geist and Mattes,
1979; Hastings etal., 1979; Kowalski etal., 1982; McLean etal., 1982; Overmann, 1977;
Penzien et al., 1982; Zenick et al., 1978).

Nonhuman primates have been studied in several studies of the effects of lead on learning
ability (Table 12-5). For the most part, these studies have exposed monkeys directly to lead
from birth and then analyzed the subjects' ability to discriminate stimuli differentially
associated with rewards. A number of these studies were conducted by Bowman and his col-
leagues (Bushnell and Bowman, 1979a,b; Levin and Bowman, 1983; Laughlin etal., 1983; Mele
et al., 1984). Using a variety of tasks and different groups of subjects (as well as the same
subjects followed for several months or years after exposure terminated), these investigators
have consistently found evidence of impaired learning ability in monkeys, even after the sub-
jects' blood lead levels had dropped to control values, i.e.? ~5 ug/dl (see Section 12.4.3.1.5
for further discussion on the persistence of neonatal exposure effects). One type of test
that has been frequently used to detect lead-induced impairment in primates is the discrimina-
tion reversal task. Discrimination reversal tasks require the subject to correctly respond to
one of two stimuli associated with reward and then, once that task has been mastered, to make
the reverse discrimination, i.e., respond only to the cue formerly unpaired with reward.
Greater difficulty in learning such reversals by lead-exposed monkeys has been shown repeated-
ly by Bowman and his colleagues.

The above findings have been generally confirmed and extended by Rice and her colleagues
(Rice, 1984, 1985a,b; Rice and Willes, 1979; Rice and Gilbert, 1985; Rice etal., 1979).
Although Rice's studies used operant conditioning tasks to a greater extent than Bowman's
studies, impaired learning ability was consistently demonstrated, even in some cases where the
monkeys' peak blood lead levels reached only 15 pg/dl and steady state levels were only 11
ug/dl. Rice (1985a) particularly noted the consistency of her results with Bushnell and
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Bowman's (1979a,b) finding of impaired ability to learn discrimination reversal tasks. Simi-
lar results were also obtained with rats by Driscoll and Stegner (1976), but not by Hastings
et al. (1984) or Rabe et al. (1985). In addition, a relatively high degree of response varia-
bility was found in Rice's lead-treated monkeys as was found in lead-treated rats (Cory-
Slechta et al., 1985; Cory-Slectita et al., 1981, 1983; Cory-Slechta and Thompson, 1979; Oietz
et al., 1978).

Another finding from Rice's studies that is consistent with the results of other studies
is the tendency of lead-treated subjects to respond excessively or inappropriately. For
example, lead-exposed monkeys tended to respond more than control subjects during "time-outs"
in operant schedules when responses were unrewarded (Rice and Willes, 1979). They also tended
to have higher response rates and shorter interresponse times on fixed-interval operant sched-
ules (Rice, 1985b). Where the schedule of reinforcement required a low rate of responding
before reward could be delivered, the lead-treated subjects were significantly slower than
controls to learn the appropriate pattern of responding (Rice and Gilbert, 1985). Such sub-
jects also made more perseverative errors on operant "matching-to-sample" tasks that required
them to direct their responses according to stimulus colors (Rice, 1984).

These findings bear striking resemblence to the results of several studies of lead-
exposed rats which, as mentioned above, tended to respond excessively or more rapidly than
controls or than conditions of the experiment would have otherwise produced. Such tendencies
have been characterized as "hyper-reactivity" by some investigators (e.g., Winneke et al. ,
1982b). However, this concept (not to be confused with hyperactivity per se) is only descrip-
tive, not explanatory. Speculation about the neural mechanisms responsible for such behavior
has tended to focus on the hippocampus, because of the behavioral similarities with animals
having experimental lesions of the hippocampus (Petit and Alfano, 1979; Petit et al., 1983)
(see also Sections 12.4.3.2.1 and 12.4.3.5). It should be noted that, at sufficiently high
exposure levels, increased response tendencies give way to decreased responding (e.g., Cory-
Slechta and Thompson, 1979; Angell and Weiss, 1982). Cory-Slechta et al. (1983) have argued
that this curvilinear dose-response relationship may be due at least in part to differences in
the time required for response rates to reach their maximum as a function of different expo-
sure levels. In their study, rats exposed to higher concentrations of lead took longer to
reach their peak response rate; consequently, assessing performance earlier would make the re-
sponding of the higher lead exposure group appear depressed, while responding of a lower expo-
sure group would appear to be elevated relative to controls (Cory-Slechta et al., 1983). Of
course, at sufficiently toxic doses, responding obviously declines if the subjects are no
longer able to perform the necessary motor responses.
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It seems clear from the above studies that alterations in the behavior of rats and
monkeys occur as a consequence of chronic exposure to relatively low levels of dietary lead.
In a number of instances (e.g., Mele et al., 1984; Bushnell and Bowman, 1979b) these perturba-
tions were evident even after blood lead concentrations had returned to nearly normal levels,
although earlier exposure had probably been much higher. One study reported learning distur-
bances in monkeys whose average steady-state blood lead level was around 11 ug/dl and whose
peak level reached only about 15 ug/dl (Rice, 1985a). A number of studies with rats found
evidence of behavioral deficits at blood lead levels below 30 ug/dl, and in at least one case
the blood lead level probably did not exceed 20 ug/dl.
12.4.3.1.4 Effects of lead on social behavior. The social behavior and organization of even
phylogenetically closely related species may be widely divergent. For this and other reasons,
there is little or no basis to assume that, for example, aggressiveness in a lead-treated
rhesus monkey provides a model of aggressiveness in a lead-exposed human child. However,
there are other compelling grounds for including animal social behavior in the present review.
As in the case of nonsocial behavior patterns, characteristics of an animal's interactions
with conspecifics may reflect neurological (especially CNS) impairment due to toxic exposure.
Also, certain aspects of animal social behavior have evolved for the very purpose (in a non-
teleological sense) of indicating an individual's physiological state or condition (Davis,
1982). Such behavior could potentially provide a sensitive and convenient indicator of toxi-
cological impairment.

Two early reports (Silbergeld and Goldberg, 1973; Sauerhoff and Michael son, 1973) sug-
gested that lead exposure produced increased aggressiveness in rodents. Neither report, how-
ever, attempted to quantify these observations of increased aggression. Later, Hastings et
al. (1977) examined aggressive behavior in rats that had been exposed to lead via their dams'
milk. Solutions containing 0, 0.01, or 0.05 percent lead as lead acetate constituted the dams'
drinking water from parturition to weaning at PND 21, at which time exposure was terminated.
This lead treatment produced no change in growth of the pups. Individual pairs of male off-
spring (from the same treatment groups) were tested at PND 60 for shock-elicited aggression.
Both lead-exposed groups (average blood lead levels of 5 and 9 ug/dl and brain lead levels of
8 and 14 ug/lOOg) showed significantly less aggressive behavior than the control group. There
were no significant differences among the groups in the flinch/jump thresholds for shock,
which suggests that the differences seen in shock-elicited aggression were not caused by dif-
ferences in sensitivity to shock.

A study by Drew et al. (1979) utilized apomorphine to induce aggressive behavior in 90-
day-old rats and found that earlier lead exposure attenuated the drug-induced aggressiveness.
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Lead exposure occurred between birth and weaning primarily through the dams' milk or through
food containing 0.05 percent lead as lead acetate. No blood or tissue concentrations of lead
were measured. There were no significant differences in the weights of the lead-treated and
control animals at PND 10, 20, 30, or 90.

Using laboratory mice exposed as adults, Ogilvie and Martin (1982) also observed reduced
levels of aggressive behavior. Since the same subjects showed no differences in vitality or
open field activity measures, the reduction in aggressiveness did not appear to be due to a
general effect of lead on motor activity. Blood lead levels were estimated from similarly
treated groups to be approximately 160 ug/dl after 2 weeks of exposure and 101 ug/dl after
4 weeks of exposure.

Cutler (1977) used ethological methods to assess the effects of lead exposure on social
behavior in laboratory mice. Subjects were exposed from birth (via their dams' milk) and
post-weaning to a 0.05 percent solution of lead as lead acetate (average brain lead concentra-
tions were 2.45 nmol/g for controls and 4.38 nmol/g for experimental subjects). At 8 weeks of
age social encounters between subjects from the same treatment group were analyzed in terms of
a number of specified, identifiable behavioral and postural elements. The frequency and dura-
tion of certain social and sexual investigative behavior patterns were significantly lower in
lead-treated mice of both sexes than in controls. Lead-exposed males also showed significant-
ly reduced agonistic behavior compared with controls. Overall activity levels (nonsocial as
well as social behavior) were not affected by the lead treatment. Average body weights did
not differ for the experimental and control subjects at weaning or at the time of testing.

A more recent study by Cutler and coworkers (Donald et al., 1981) used a similar
paradigm of exposure and behavioral evaluation, except that exposure occurred either only pre-
natal ly or postnatally and testing occurred at two times, 3-4 and 14-16 weeks of age. Sta-
tistically significant effects were found only for the postnatal exposure group. Although
total activity in postnatally exposed mice did not differ from that of controls at either age
of testing, the incidence of various social activities did differ significantly. As juveniles
(3-4 weeks old), lead-treated males (and to some extent, females) showed decreased social in-
vestigation of a same-sex conspecific. This finding seems to be consistent with Cutler's
(1977) earlier observations made at 8 weeks of age. Aggressive behavior, however, was almost
nonexistent in both control and lead-treated subjects in the later study, and so could not be
compared meaningfully. Although the authors do not comment on this aspect of their study, it
seems likely chat differences in the strains of laboratory mice used as subjects could well
have been responsible for the lack of aggressive behavior in the Donald et al. (1981) study
(see, e.g., Adams and Boice, 1981). Later testing at 14-16 weeks revealed that lead-exposed
female subjects engaged in significantly more investigative behavior of a social or sexual
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nature than did control subjects, while males still showed significant reductions in such
behavior when encountering another mouse of the same sex. This apparent disparity between
male and female mice is one of relatively few reports of gender differences in sensitivity to
lead's effects on the nervous system (cf. Cutler, 1977; Verlangieri, 1979). In this case,
Donald et al. (1981) hypothesized that the disparity might have been due to differences in
brain lead concentrations: 74.7 umol/kg in males versus 191.6 umol/kg in females (blood lead
concentrations were not measured).

The social behavior of rhesus monkeys has also been evaluated as a function of early lead
exposure. A study by Alien et al. (1974) reported persistent perturbations in various aspects
of the social behavior of lead-exposed infant and juvenile monkeys, including increased cling-
ing, reduced social interaction, and increased vocalization. However, exposure conditions
varied considerably in the course of this study, with overt toxicity being evident as blood
lead levels at times ranged higher than 500 ug/dl.

A more recent study consisting of four experiments (Bushnell and Bowman, 1979c) also
examined social behavior in infant rhesus monkeys, but under more systematically varied expo-
sure conditions. In experiments 1 and 2, daily ingestion of lead acetate during the first
year of life resulted in blood lead levels of 30-100 ug/dl, with consequent suppression of
play activity, increased clinging, and greater disruption of social behavior when the play
environment was altered. Experiment 3, a comparison of chronic and acute lead exposure (the
latter resulting in a peak blood lead concentration of 250-300 ug/dl during weeks 6-7 of
life), revealed little effect of acute exposure except in the disruption that occurred when
the play environment was altered. Otherwise, only the chronically exposed subjects differed
significantly from controls in various categories of social behavior. Experiment 4 of the
study showed that prenatal exposure alone, with blood lead concentrations of exposed infants
ranging between 33 and 98 ug/dl at birth, produced no detectable behavioral effects under the
same procedures of evaluation. Overall, neither aggressiveness nor dominance was clearly
affected by lead exposure.

Another aspect of social behavior—interaction between mothers and their offspring—was
examined in lead-exposed rats by Zenick et al. (1979). Dams chronically received up to 400
mg/kg lead acetate in their drinking water on a restricted daily schedule (blood lead concen-
trations averaged 96.14 ± 16.54 ug/dl in the high-exposure group at day 1 of gestation). Dams
and their litters were videotaped on PNO 1-11, and the occurrence of certain behavior patterns
(e.g., lying with majority of pups, lying away from pups, feeding) was tabulated by the exper-
imenters. In addition, dams were tested for their propensity to retrieve pups removed from
the nest. Neither analysis revealed significant effects of lead exposure on the behavior of
the dams. However, restricted access to drinking water (whether lead-treated or not) appeared
to confound the measures of maternal behavior.
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A more recent investigation of maternal behavior and offspring development in rats ex-
posed via their food revealed significant lead-related alterations in the behavioral inter-
actions between pups and their dams (Barrett and Livesey, 1983). Pups whose blood lead levels
ranged from 20 to 60 ug/dl at weaning were slower to leave the nest area to find the dam for
suckling or to climb into food hoppers for solid food. The lead-exposed dams, with blood lead
values of 30-60 ug/dl at weaning, in turn spent more time in the nest than control dams.
These findings are consistent with other observations of retarded pup development and in-
creased retrieval of pups to the nest by dams exposed to low levels of lead (Oavis, 1982). As
Barrett and Livesey (1983) note, the net effect of this altered motor-infant interaction is
difficult to predict. While extra maternal care could help compensate for slowed development
caused by lead, it could also exacerbate the situation by depriving the pups of the outside
stimulation needed for normal development (Levitsky et al., 1975).

The above studies suggest that animal social behavior or behavioral interactions may be
altered in various ways by exposure to lead. Aggressive behavior in particular is, if any-
thing, reduced in laboratory animals as a result of exposure to lead. Certain other aspects
of social behavior in laboratory mice, namely components of sexual interaction and social in-
vestigation, also appear to be reduced in lead-treated subjects, although there may be gender
differences in this regard following chronic post-maturational exposure. In additon, young
rhesus monkeys appear to be sensitive to the disruptive effects of lead on various aspects of
social behavior. These alterations in social behavior in several mammalian species are indi-
cative of altered neural functioning as a consequence of lead exposure.
12.4.3.1.5 Persistence of neonatal exposure effects. The specific question of persisting,
long-term consequences of lead exposure on the developing organism has been addressed in a
number of studies by carrying out behavioral testing some time after the termination of lead
exposure. For example, such evidence of long-term effects has been reported for rhesus
monkeys by Bushnell and Bowman (19795). Their subjects were fed lead acetate so as to main-
tain blood lead levels of either 50 ± 10 (low-lead) or 80 ± 10 ug/dl (high-lead) throughout
the first year of life (actual means and standard errors for the year were reported as 31.71 ±
2.75 and 65.17 ± 6.28 ug/dl). Lead treatment was terminated at 12 months of age, after which
blood lead levels declined to around 5-6 ug/dl at 56 months. At 49 months of age the subjects
were re-introduced to a discrimination reversal training procedure using new discriminative
s t i m u l i . Despite their extensive experience with the apparatus (Wisconsin General Test
Apparatus) during the first two years of life, most of the high-lead subjects failed to retain
the simple motor pattern (pushing aside a small wooden block) required to operate the ap-
paratus. Remedial training largely corrected this deficit. However, both high- and low-lead
groups required significantly more trials than the control group (p <0.05) to reach criterion
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performance levels. This difference was found only on the first discrimination task and nine
reversals of it. Successive discrimination problems showed no differential performance ef-
fects, which indicates that with continued training the lead-treated subjects were able to
achieve the same level of performance as controls.

Other studies with monkeys have also shown behavioral alterations some time after blood
lead concentrations have returned to essentially normal levels (Laughlin et al., 1983; Levin
and Bowman, 1983; Mele et al., 1984). Some evidence suggests that rats may show similar
effects (e.g., Angel! and Weiss, 1982; Gross-Selbeck and Gross-Selbeck, 1981), but other
evidence implies that behavioral effects eventually disappear after lead exposure ends (e.g.,
Flynn et al., 1979; Hastings et al., 1977, 1984; Padich and Zenick, 1977; Rosen et al., 1985;
Schlipkoter and Winneke, 1980). Even if some behavioral changes are reversible, it does not
follow, of course, that all behavioral effects of early lead exposure are reversible. Most
likely, neurotoxic outcomes differ in their persistence, and these differences account for any
apparent inconsistency in the above findings.
12.4.3.2 Morphological Effects
12.4.3.2.1 In vivo studies. Recent key findings on the morphological effects of i_n vivo lead
exposure on the nervous system are summarized in Table 12-6.* It would appear that certain
types of of glial cells are sensitive to lead exposure, as Reyners et al. (1979) found a de-
creased density of oligodendrocytes in cerebral cortex of young rats exposed from birth to 0.1
percent lead in their food. Exposures to higher concentrations (0.2-0.4 percent lead salts),
especially if begun during the prenatal period (Bull et al., 1983), can reduce synaptogenesis
and retard dendritic development in the cerebral cortex (McCauley and Bull, 1978; McCauley et
al., 1979, 1982) and the hippocampus of developing rats (Campbell et al., 1982; Alfano and
Petit, 1982). Some of these effects, e.g., those on the hippocampus, appear to be transient
(Campbell et al., 1982) and may be related to lead-induced alterations in size and/or bio-
availability of sub-cellular zinc pools (Sato et al., 1984). Interestingly, an apparent com-
pensatory hypertrophy of both neurons and neuropil appears in certain areas of the hippocampus
of 90-day old rats who were exposed perinatally to lead (Kawamoto et al., 1984).

Concentrations of lead reported in the following sections are given as percent lead salt.
For comparison with exposure concentrations discussed in other sections of this document,
multiply by 10,000 to obtain value in parts per million (ppm). Example: IX = 10,000 ppm.
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TABLE 12-6. SUHMARY OF KEY STUDIES OF MORPHOLOGICAL EFFECTS OF IN VIVO LEAD EXPOSURE*

Species Exposure protocol
Peak blood
lead level

Observed
effect Reference

Young rats 0.1X Pb2 in chow
PNO 0-90

0.1X Pb(Ac), in
da»s' drinking
water PNO 0-60
O.tt Pb(Ac)? in
dams' drinking
water PNO 0-32
0.2X PbC12 in dams' 80 ug/dl
drinking water fro* (at birth)
gestation thru PNO 20

0.2X Pb(Ac)z in
dams' drinking
water PNO 0-25
0.4X PbC03 in 300-400 ug/dl
da*s' drinking (PNO 26)
water PND 0-30
0.5X Pb(Ac)2 in
dans' drinking
water PND 0-21

IX PbC03 in chow 385 ug/dl
PNO 0-60 (PNO 21)

4% PbC03 in dams' 258 ug/dl
chow PND 0-28 (PNO 28)

4* PbC03 in dans'
chow PNO 0-25

Adult rats 4X PbC03 in chow
for 3 BOS.

4X PbCOj in chow 300 ug/dl
PNO 0-150 (PND 150)

Decreased density of
oligodendrocytes in cerebral
cortex
Focal necrosis of photoreceptor
cells and cells in inner
nuclear layer of retina
Significant inhibition in
•yelin deposition and
Maturation In whole brain
Less nature synaptic profile
in cerebral cortex at PND 15

30X reduction in synaptic
density in cerebral cortex
at PNO 15 (returned to normal
at PND 21)
15-30X reduction in
synaptic profiles in
hippocampus
Retardation in temporal
sequence of hippocampal
dendritic development
10-1SX reduction in number
of axons in optic nerve;
skewing of fiber diameters
to smaller sizes
Retardation of cortical
synaptogenesis over and
above any nutritional
effects
13X reduction in
cortical thickness
and total brain weight;
reduction in synaptic
density

Reduction in hippocampal
length and width; similar
reduction in afferent
projection to hippocampus
Delay in onset and peak
of Schwann cell division
and axonal regrowth in
regenerating nerves
Demyelination of peri-
pheral nerves beginning
PND 20-35

Reyners et al. (1979)

Santos-Anderson et al.
(1984)

Stephens and
Gerber (1981)

HcCauley and Bull
(1978); McCauley
et al. (1979)

McCauley et al. (1982)

Campbell et al. (1982)

Alfano and Petit
(1982); Petit et al.
(1983)

Tennekoon et al.
(1979)

Averill and Needleman
(1980)

Petit and
LeBoutillier (1979)

Alfano et al. (1982)

Ohnishi and Dyck
(1981)

Windebank et al.
(1980)

•Abbreviations:

PND: postnatal day
Pb(Ac). lead acetate
PbCO,- lead carbonate
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Suckling rats subjected to increasing exposures of lead exhibit more pronounced effects,
such as reduction in the number and average diameter of axons in the optic nerve at 0.5 per-
cent lead acetate exposure (Tennekoon et al., 1979), a general retardation of cortical syn-
aptogenesis at 1.0 percent lead carbonate exposure (Averill and Needleman, 1980), or a reduc-
tion in cortical thickness at 4.0 percent lead carbonate exposure (Petit and LeBoutillier,
1979). This latter exposure concentration also causes a delay in the onset and peak of
Schwann cell division and axonal regrowth in regenerating peripheral nerves in chronically
exposed adult rats (Ohnishi and Dyck, 1981). In short, both neuronal and glial components of
the nervous system appear to be affected by neonatal or chronic lead exposure.

Organolead compounds have also been demonstrated to have a deleterious effect on the mor-
phological development of the nervous system. Seawright et al. (1980) administered triethyl
lead acetate (Et3Pb) by gavage to weanling (40-50 g) and "young adult" (120-150 g) rats.
Single doses of 20 mg Et3Pb/kg caused impaired balance, convulsions, paralysis, and coma in
both groups of treated animals. Peak levels in blood and brain were noted two days after ex-
posure, with extensive neuronal necrosis evident in several brain regions by three days post-
treatment. Weekly exposures to 10 mg Et3Pb/kg for 19 weeks resulted in less severe overt
signs of intoxication (from which the animals recovered) and moderate to severe loss of neu-
rons in the hippocampal region only.
12.4.3.2.2 In vitro studies. Bjorklund et al. (1980) placed tissue grafts of developing ner-
vous tissue in the anterior eye chambers of adult rats. When the host animals were given 1 or
2 percent lead acetate in their drinking water, the growths of substantia nigral and hippocam-
pal , but not cerebellar, grafts were retarded. Grafts of the developing cerebral cortex in
host animals receiving 2 percent lead exhibited a permanent 50 percent reduction in size
(volume), whereas 1 percent lead produced a slight increase in size in this tissue type. The
authors felt that this anomalous result might be explained by a hyperplasia of one particular
cell type at lower concentrations of lead exposure.

Organolead compounds have also been demonstrated to affect neuronal growth (Grundt et
al., 1981). Cultured cells from embryonic chick brain were exposed to 3.16 uM triethyllead
chloride in the incubation medium for 48 hr, resulting in a 50 percent reduction in the number
of cells exhibiting processes. There was no observed effect on glial morphology.

Other investigations have focused on morphological aspects of the blood-brain barrier and
its possible disruption by lead intoxication (Kolber et al., 1980). Capillary endothelial
cells isolated from rat cerebral cortex and exposed to 100 uM lead acetate in vitro
(Silbergeld et al., 1980b) were examined by electron microscopy and X-ray microprobe analysis.
Lead deposits were found to be sequestered preferential ly in the mitochondria of these cells
in much the same manner as calcium. This affinity may be the basis for lead-induced disrup-
tion of transepithelial transport of Ca2 and other ions.
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12.4.3.3 Electrophysiological Effects.
12.4.3.3.1 In vivo studies. Recent key findings on the electrophysiological effects of _i_n
vivo lead exposure are summarized below in Table 12-7. The visual system appears to be par-
ticularly susceptible to perturbation by neonatal lead exposure. Suckling rats whose dams
were given drinking water containing 0.2 percent lead acetate had significant alterations in
their visual evoked responses (VERs) and decreased visual acuity at PND 21, at which time
their blood lead levels were 65 ug/dl (Cooper et al., 1980; Fox et al., 1977; Impelman et al.,
1982; Fox and Wright, 1982; Winneke, 1980). Both of these observations are indicative of
depressed conduction velocities in the visual pathways. These same exposure levels also in-
creased the severity of the maximal electroshock seizure (MES) response in weanling rats who
exhibited blood lead levels of 90 ug/dl (Fox et al., 1978, 1979). The authors speculated that
neonatal lead exposure acts to increase the ratio of excitatory to inhibitory systems in the
developing cerebrospinal axis. Such exposure can also lead to lasting effects on the adult
nervous system, as indicated by persistent decreases in visual acuity and spatial resolution
in 90-day old rats exposed only from birth to weaning to 0.2 percent lead acetate (Fox et al.,
1982). A 38-percent decrease in the number of cholinergic receptors in the visual cortex of
adult rats treated in this manner (Costa and Fox, 1983) may represent the morphological basis
for this finding.

The adult nervous system is also vulnerable to lead-induced perturbation at low levels of
exposure. For example, Hietanen et al. (1980) found that chronic exposure of adult rabbits to
0.2 percent lead acetate in drinking water resulted in an 85 percent inhibition of motor con-
duction velocity in the sciatic nerve; adult rabbits fed 165 mg lead carbonate per day for 5
days (Kirn et al., 1980) showed a 75 percent increase in Ca2 retention time in incubated brain
slices, indicating that lead inhibits the mediated efflux of Ca2 .
12.4.3.3.2 In vitro studies. Palmer et al. (1981) and Olson et al. (1981) looked at intra-
ocular grafts of cerebellar tissue from 14- to 15-day-old rats in host animals treated for 2
months with drinking water containing 1 percent lead acetate, followed by plain water for 4-5
months. They found no alterations in total growth or morphology of cerebellar grafts in
treated versus control hosts, yet the Purkinje neurons in the lead-exposed grafts had almost
no spontaneous activity. Host cerebellar neurons, on the other hand, and both host and graft
neurons in control animals, all exhibited significant levels of spontaneous activity. It
should be noted that when these investigators looked at the effects of lead on intraocular
grafts of other areas of fetal rat brain, i.e., substantia nigra, hippocampus, and parietal
cortex, they found significant delays in the growth of these grafts (Olson et al., 1984).
Furthermore, attempts by this group to replicate their findings in vivo by using neonatal rats
exposed from gestation to PND 20 to 0.5 percent lead acetate in drinking water have been un-
succpssful (Palmer et al., 1984).
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TABLE 12-7. SUMMARY OF KEY STUDIES OF ELECTROPHYSIOLOGICAL EFFECTS OF IN VIVO LEAD EXPOSURE*

Species Exposure protocol
Peak blood
lead level

Observed
effect Reference

Suckling rat

Young rhesus
monkeys

Adult rabbit

0.2% Pb(Ac)2 in
dams' drinking water
PND 0-20

0.2% Pb(Ac)2 in
dams' drinking water
PND 0-21

Pb(Ac)2 solutions
in food
PND 0-365

0.2% Pb(Ac)2 in
drinking water for
4 weeks

90 ug/dl
(PND 20)

65 ug/dl
(PND 21)

300 ug/dl
(PND 60)
85 ug/dl

More rapid appearance
and increased severity of
MES response

1) Increased latencies and
decreased amplitudes of
primary and secondary
components of VER;

2) decreased conduction
velocities in visual
pathways;

3) 25-50% decrease in
scotopic visual acuity

4) persistent decreases
in visual acuity and
spatial resolution at
PND 90

Severe impairment
of discrimination
accuracy; loss of
scotopic function

85% reduction in motor
conduction velocity of
sciatic nerve

Fox et al.
(1978, 1979)

Fox et al.
(1977);
Impel man et al.
(1982);
Cooper et al.
(1980);
Winneke (1980);
Fox and Wright
(1982);
Fox et al.
(1982)

Bushnell et al.
(1977)

Hietanen et al.
(1980)

*Abbreviations:

PND: postnatal day
Pb(Ac)2: lead acetate
MES: maximal electroshock seizure
VER: visual evoked response



Taylor et al. (1978) recorded extracellularly from cerebellar Purkinje cells in adult
rats both j_n situ and in intraocular grafts in an effort to determine what effect lead had on
the norepinephrine (NE)-induced inhibition of Purkinje cell spontaneous discharge. Applica-
tion of exogenous NE to both in situ and in oculo cerebellum produced 61 and 49 percent inhi-
bitions of spontaneous activity, respectively. The presence of 5-10 uM lead reduced this in-
hibition to 28 and 13 percent, respectively. This "disinhibition" was specific for NE, as
responses to both cholinergic and parallel fiber stimulation in the same tissue remained the
same. Furthermore, application of lead itself did not affect spontaneous activity, but did
inhibit adenylate cyclase activity in cerebellar homogenates at the same concentration re-
quired to disinhibit the NE-induced reduction of spontaneous activity (3-5 uM).

Fox and Sillman (1979) and Sillman et al. (1982) looked at receptor potentials in the
isolated, perfused bullfrog retina and found that additions of lead chloride caused a rever-
sible, concentration-dependent depression of rod (but not cone) receptor potentials. Concen-
trations as low as 1 uM produced an average 5 percent depression, while 25-60 uM produced an
average 34 percent depression.

Evidence that lead does indeed resemble other divalent cations, in that it appears to
interfere with chemically-mediated synaptic transmission, has also been obtained in studies of
peripheral nerve function. For example, lead is capable of blocking neural transmission at
peripheral adrenergic synapses (Cooper and Steinberg, 1977). Measurements of the contraction
force of the rabbit saphenous artery following stimulation of the sympathetic nerve endings
indicated that lead blocks muscle contraction by an effect on the nerve terminals rather than
by an effect on the muscle. Since the response recovered when the Ca2 concentration was in-
creased in the bathing solution, it was concluded that lead does not deplete transmitter
stores in the nerve terminals, but more likely blocks NE release (Cooper and Steinberg, 1977;
Pickett and Bornstein, 1984; Kober and Cooper, 1976).

It has also been demonstrated that lead depresses synaptic transmission at the peripheral
neuromuscular junction by impairing acetylcholine (ACh) release from presynaptic terminals
(Kostial and Vouk, 1957; Manalis and Cooper, 1973; Cooper and Manalis, 1974). This depression
of neurotransmitter release evoked by nerve stimulation is accompanied by an increase in the
spontaneous release of ACh, as evidenced by the increased frequency of spontaneous miniature
endplate potentials (MEPPs) (Atchison and Narahashi, 1984; Kolton and Yaari (1982) and Manalis
et al. (1984) found that this increase in MEPPs in the frog nerve/muscle preparation could be
induced by lead concentrations as low as 5 uM and is probably due to competitive inhibition of
Ca2* binding (Cooper et al., 1984).

The effects of lead on neurotransmission within the central nervous system have also been
studied. For example, investigation of the j_n vitro effects of lead on Ca2 binding on cau-
date synaptosomes was carried out by Silbergeld and Adler (1978) . They determined that 50 uM
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lead caused an 8-fold increase in 45Ca2 binding and that in both control and lead-treated
preparations the addition of ATP increased binding, while ruthenium red and Ca2* decreased it.
Further findings in this series of experiments demonstrated that lead inhibits the Na+-
stimulated loss of Ca2 by mitochondria and that blockade of dopamine (DA) uptake by 5 uM
benztropine reversed the lead-stimulated increase in Ca2 uptake by synaptosomes. The authors
concluded that lead affects the normal mechanisms of Ca2 binding and uptake, perhaps by che-
lating with DA in order to enter the nerve terminal. By inhibiting the release of Ca2 bound
to mitochondria there, lead essentially causes an increase in the Ca2 concentration gradient
across the nerve terminal membrane. As a result, more Ca2 would be expected to enter the
nerve terminal during depolarization, thus effectively increasing synaptic neurotransmission
at dopaminergic terminals without altering neuronal firing rates.
12.4.3.4 Biochemical Alterations. The majority of previous investigations of biochemical
alterations in the nervous system following exposure to lead have focused on perturbations of
various neurotransmitter systems, probably because of the documentation extant on the neuro-
physiological and behavioral roles played by these transmitters. Recently, however, somewhat
more attention has been centered on the impact of lead exposure on energy metabolism and other
cellular homeostatic mechanisms such as protein synthesis and glucose transport. A signifi-
cant portion of this work has, however, been conducted in vitro.
12.4.3.4.1 In vivo studies. Recent key findings on the biochemical effects of in vivo expo-
sure are summarized in Table 12-8. Although the majority of recent work has continued to
focus on neurotransmitter function, it appears that the mechanisms of energy metabolism are
also particularly vulnerable to perturbation by lead exposure. McCauley, Bull, and coworkers
have demonstrated that exposure of prenatal rats to 0.02 percent lead chloride in their dams'
drinking water leads to a marked reduction in cytochrome content in cerebral cortex, as well
as a possible uncoupling of energy metabolism. Although the reduction in cytochrome content
is transient and disappears by PND 30, it occurs at blood lead levels as low as 36 |jg/dl
(McCauley and Bull, 1978; Bull et al., 1979); delays in the development of energy metabolism
may be seen as late as PND 50 (Bull, 1983). [See Section 12.2.1.3 for a discussion of lead
effects on mitochondrial function.]

There does not appear to be a selective vulnerability of any particular neurotransmitter
system to the effects of lead exposure. Pathways utilizing dopamine (DA), norepinephrine
(NE), serotonin (5-HT), Y"aminobutyric acid (GABA), and acetylcholine (ACh) as neuro-
transmi tters are all reported to be affected in neonatal animals at lead-exposure con-
centrations of 0.2-2.0 percent lead salts in dams' drinking water (see Shellenberger, 1984 for
an exhaustive review of this literature). Although the blood lead values reported following
exposure to the lower lead concentrations (0.2-0.25 percent lead acetate or lead chloride)
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TABLE 12-8. SUMMARY OF KEY STUDIES ON BIOCHEMICAL EFFECTS OF IN VIVO LEAD EXPOSURE

Subject

Suckling rat

Peak blood
Exposure protocol lead level

0.004% Pb(Ac)2 in
dams' drinking water
PND 0-35

Observed effect

Decline in synthesis and
turnover of striatal DA

Reference

Govoni et al .
(1979,
1980); Memo
et al.
(1980a,
1981)

0.02% PbCl2 in dams'
drinking water from
gestation thru PND
21

80 ug/dl 1) Transient 30% reduction
(at birth) in cytochrome content of
36 ug/dl cerebral cortex;
(PND 21) 2) possible uncoupling of

energy metabolism
3) delays in development of
energy metabolism

0.2% Pb(Ac)2 in 47 ug/dl
dams' drinking water (PND 21)
PND 0-21

0.2% Pb(Ac)2 in
dams' drinking water
PND 0-20

0.25% Pb(Ac)2 in
dams' drinking water
PND 0-35

0.25% Pb(Ac)2 in
dams' drinking water
PND 0-35

0.25% Pb(Ac)2 in
dams' drinking water
PND 0-35

0.25% Pb(Ac2) in
dams' drinking water
PND 0-56

1) 23% decrease in NE levels
of hypothalamus and
striatum;

2) increased turnover of
NE in brainstem

8% decrease in AChE
activity in cerebellum

Decline in synthesis
and turnover of striatal
DA

Increase in DA synthesis
in frontal cortex and
nuc. accumbens(10-30%
and 35-45%, respectively)

1) 50% increase in OA-specific
binding to striatal
D2 receptors;

2) 33% decrease in DA-specific
binding to nuc. accumbens
D2 receptors

1) Decline in uptake of DA
by striated nerve endings

2) Elevated DA uptake in
nuc. accumbens

McCauley and
Bull
(1978);
McCauley
et al.
(1979);
Bull et al.
(1979);
Bull (1983)

Goldman et
al. (1980)

Gietzen and
Wool ley
(1984)

Govoni et al.
(1978a)

Govoni et al.
(1979,
1980; Memo
et al.
(1980a,
1981)

Lucchi et al.
(1981)

Mis sale
et al.
(1984)
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TABLE 12-8. (continued)

Subject
Peak blood

Exposure protocol lead level

0.25% Pb(Ac)2 71 ug/dl
dams' drinking water (PND 56)
PND 0-56

Observed effect

27% decrease in DA-specific
binding to pituitary D2
receptors

Reference

Govoni et al.
(1984)

0.25% Pb(Ac)2 in
dams' drinking water
PND 0-42

0.25% Pb(Ac)2 in
dams' drinking water
PND 0-21; 0.004% or
0.25% until PND 42

0.5-1% Pb(Ac)2 in
drinking water
PNO 0-60

0.25-1% Pb(Ac)2 in
drinking water
PND 0-60

75 mg Pb(Ac)2/kg
b.w./day via
gastric intubation
PND 2-14

87 ug/dl 1) 31% increase in GABA Govoni et al
(PND 42) specific binding in (1978b,

cerebellum; 53% increase 1980)
in GMP activity;

2) 36% decrease in GABA-
specific binding in striatum;
47% decrease in GMP activity

1) 12 and 34% elevation of Memo et al.
GABA binding in cerebellum (1980b)
for 0.004% and 0.25%,
respectively;

2) 20 and 45% decreases in
GABA binding in striatum for
0.04 and 0.25%, respectively

1) Increased sensitivity Silbergeld
to seizures induced et al.
by GABA blockers; (1979,

2) increase in GABA synthesis 1980a)
in cortex and striatum;

3) inhibition of GABA uptake
and release by synaptosomes
from cerebellum and basal
ganglia;

4) 70% increase in GABA-
specific binding in
cerebellum

72-91 g/dl 1) 40-50% reduction of Modak et al.
(PND 21) whole-brain ACh by PND 21; (1978)

2) 36% reduction by PND 30
(return to normal values
by PND 60)

98 ug/dl 1) 20% decline in striatal Jason and
(PND 15) DA levels at PND 35; Kellogg

2) 35% decline in striatal (1981)
DA turnover by PND 35;

3) Transient depression of
DA uptake at PND 15;

4) Possible decreased DA
terminal density
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TABLE 12-8. (continued)

Subject Exposure protocol
Peak blood

lead level Observed effect Reference

Young rat 2% Pb(Ac)2 in dams'
drinking water PND 0-21
then 0.002-0.008% until
PND 56

1) non-dose-dependent Dubas et al.
elevations of NE in (1978)
midbrain (60-90%) and
DA and 5-HT in midbrain,
striatum and hypothalamus
(15-30%);

2) non-dose-dependent depression
of NE in hypothalamus and
striatum (20-30%).

*Abbreviations:

PND: postnatal day
Pb(Ac)2: lead acetate
PbCl2: lead chloride
NE: norepinephrine

DA:
GABA:
GMP:
5-HT:

dopamine ACh.
Y~aminobutyric acid A^KCnUnt:
guanosine monophosphate .
serotonin

acetylcholine
acetylcholinesterase
body weight

range from 47 ug/dl (Goldman et al., 1980) to 87 ug/dl (Govoni et al., 1980), a few general
observations can be made:

(1) Synthesis, turnover, and uptake of DA and NE are depressed in the striatum, and
elevated in midbrain, frontal cortex, and nucleus accumbens. This seems to be
paralleled by concomitant increases in DA-specific binding in striatum and
decreases in DA-specific binding in nucleus accumbens, possibly involving a
specific subset (D2) of DA receptors (Lucchi et al., 1981). These findings are
probably reflective of sensitization phenomena resulting from changes in the
availability of neurotransmitter at the synapse.

(2) The findings tor pathways utilizing GABA show similar parallels. Increases in
GABA synthesis in striatum are coupled witb. decreases in GABA-specific binding
in that region, while the converse holds true for the cerebellum. In these
cases, cyclic GMP activity mirrors the apparent changes in receptor function.
This increased sensitivity of cerebellar postsynaptic receptors (probably a
response to the lead-induced depression of presynaptic
basis for the finding that lead-treated animals
seizures induced by GABA-blocking agents such as
(Silbergeld et al. , 1979).

function) is likely the
are more susceptible to
picrotoxin or strychnine
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12.4.3.4.2 In vitro studies. Any alterations in the integrity of the blood-brain barrier can
have serious consequences for the nervous system, especially in the developing organism.
Kolber et al. (1980) examined glucose transport in isolated microvessels prepared from the
brains of suckling rats given 25, 100, 200, or 1000 mg lead/kg body weight daily by intra-
gastric gavage. On PND 25, they found that even the lowest dose blocked specific transport
sites for sugars and damaged the capillary endothelium. In vitro treatment of the preparation
with concentrations of lead as low as 0.1 uM produced the same effects.

Purdy et al. (1981) examined the effects in rats of varying concentrations of lead ace-
tate on the whole-brain synthesis of tetrahydrobiopterin (BH4), a cofactor for many important
enzymes, including those regulating catecholamine (e.g., DA or NE) synthesis. Concentrations
of lead as low as 0.01 uM produced a 35 percent inhibition of BH4 synthesis, while 100 uM in-
hibited the BH4 salvage enzyme, dihydropteridine reductase, by 40 percent. This would result
in a decreased conversion of phenylalanine to tyrosine and thence to DOPA (the initial steps
in dopamine synthesis), as well as decreases in the conversion of trytophan to its 5-hydroxy
form (the initial step in serotonin synthesis). These decrements, if occurring jji vivo, could
not be ameliorated by increased dietary intake of BH4, as it does not cross the blood-brain
barrier.

Lead has also been found to have an inhibitory effect on mitochondria! respiration in
the cerebrum and cerebellum of immature or adult rats at concentrations greater than 50 uM
(Holtzman et al., 1978). This effect, which was equivalent in both brain regions at both
ages studied, is apparently due to an inhibition of nicotinamide adenine dinucleotide
(NAD)-linked dehydrogenases within the mitochondrial matrix. These same authors found that
this lead-induced effect, which is an energy-dependent process, could be blocked i_n vitro by
addition of ruthenium red to the incubation medium (Holtzman et al., 1980b). In view of the
fact that Ca2 uptake and entry into the mitochondrial matrix is also blocked by ruthenium
red, it is possible that both lead and Ca2 share the same binding site/carrier in brain mito-
chondria. These findings are supported by the work of Gmerek et al. (1981) on adult rat cere-
bral mitochondria, with the exception that they observed respiratory inhibition at 5 uM lead
acetate, which is a full order of magnitude lower than the Holtzman et al. (1978, 1980b)
studies. Gmerek and co-workers offer the possibility that this discrepancy may have been due
to the inadvertent presence of EDTA in the incubation medium used by Holtzman and co-workers.

Organolead compounds have also been demonstrated to have a deleterious effect on cellular
metabolism in the nervous system. For example, Grundt and Neskovic (1980) found that concen-
trations of triethyl lead chloride as low as 5-7 uM caused a 40 percent decrease in the incor-
poration of S04 or serine into myelin galacto-lipids in cerebellar slices from 2-week-old
rats. Similarly, Konat and coworkers (Konat and Clausen, 1978, 1980; Konat et al., 1979) ob-
served that 3 uM triethyl lead chloride preferentially inhibited the incorporation of leucine
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into myelin proteins in brain stem and forebrain slices from 22-day-old rats. This apparent
inhibition of myelin protein synthesis was twofold greater than that observed for total pro-
tein synthesis (approximately 10 versus 20 percent, respectively). In addition, acute intoxi-
cation of these animals by i.p. injection of triethyl lead chloride at 8 mg/kg produced equi-
valent results accompanied by a 30 percent reduction in total forebrain myelin content.

Interestingly, while a suspension of cells from the forebrain of these animals (Konat et
al., 1978) exhibited a 30 percent inhibition of total protein synthesis at 20 uM triethyl lead
chloride (the lowest concentration examined), a cell-free system prepared from the same tissue
was not affected by triethyl lead chloride concentrations as high as 200 uM. This result,
coupled with a similar, although not as severe, inhibitory effect of triethyl lead chloride on
oxygen consumption in the cell suspension (20 percent inhibition at 20 uM) would tend to indi-
cate that the inhibition of rat forebrain protein synthesis is related to an inhibition of
cellular energy-generating systems.

The effects of organolead compounds on various neurotransmitter systems have been inves-
tigated in adult mouse brain homogenates. Bondy et al. (1979a,b) demonstrated that micromolar
concentrations (5 uM) of tri-n-butyl lead (TBL) acetate were sufficient not only to cause a 50
percent decline in the high affinity uptake of GABA and DA in such homogenates, but also to
stimulate a 25 percent increase in GABA and DA release. These effects were apparently selec-
tive for DA neurons at lower concentrations, as only DA uptake or release was affected at 0.1
uM, albeit mildly so. The effect of TBL acetate on DA uptake appears to be specific, as there
is a clear dose-response relationship down to 1 uM TBL (Bondy and Agrawal, 1980) for inhibi-
tion (0-60 percent) of spiroperidol binding to rat striatal DA receptors. A concomitant
inhibition of adenyl cyclase in this dose range (50 percent) suggests that TBL may affect the
entire postsynaptic binding site for DA.
12.4.3.5 Accumulation and Retention of Lead in the Brain. All too infrequently, experimental
studies of the neurotoxic effects of lead exposure do not report the blood-lead levels
achieved by the exposure protocols used. Even less frequently reported are the concomitant
tissue levels found in brain or other tissues. From the recent information that is available,
however, it is possible to draw some limited conclusions about the relationship of exposure
concentrations to blood and brain lead concentrations. Table 12-9 calculates the blood lead/
brain lead ratios found in recent studies where such information was available. It can be
seen that, at exposure concentrations greater than 0.2 percent and for exposure periods longer
than birth until weaning (21 days in rats), the ratio generally falls below unity. This
suggests, that, even as blood lead levels reach a steady state and then fall due to excretion
or ;ome other mechanism, lead continues to accumulate in brain.
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TABLE 12-9. INDEX OF BLOOD LEAD AND BRAIN LEAD LEVELS FOLLOWING EXPOSURE'

Species
(strain)

Suckling rat
(Charles
River-CD)

Suckling rat
(Charles
River)

Suckling rat
(Charles
River-CD)

Suckling rat
(Long-Evans)

Suckling rat
(Long-Evans)

Suckling rat
(Holtzman-
albino)

Suckling rat

Suckling rat
(Holtzman-
albino)

Suckling rat
(Long-Evans)

Exposure

0.0005% PbCl2
in water
PND 0-21

0.003% PbCl2
in water
PND 0-21

0.005% Pb(Ac)2
in water from
conception

0.01% Pb(Ac)2
in water from
conception

0.02% PbCl2
in water
PND 0-21

0.02% Pb(Ac)2
in water
PND 0-21

0.02% Pb(Ac)2
in water from
PND 0-21

0.05% Pb(Ac)2
i n water
PND 0-21

0.1% Pb(Ac)2
in water
PND 0-21

0.2% Pb(Ac)2
in water
PND 0-21

0.2% Pb(Ac)2
in water
PND 0-21

0.2% Pb(Ac)2
in water
PND 0-21

Time of Blood lead,
assay ug/dl

PND 21

PND 21

PND 11
PND 30

PND 11
PND 30

PND 21

PND 10

PND 21

PND 21

PND 21

PND 21

PND 21

PND 21

PND 10

PND 21

12

21

22
18

35
48

36

21.7

25.2

29

12

20

65

47

49.6

89.4

Brain lead,
ug/lOOg

8

11

3
11

7
22

25

6.3

13

29

20

50

65

80

19

82

Blood: brain
lead ratio Reference

1.5

1.9

7.0
1.6

5.0
2.2

1.4

3.4

1.9

1.0

0.6

0.4

1.0

0.6

2.6

1.1

Bull et al.
(1979)

Grant et al .
(1980)

Bull et al.
(1979)

Fox et al.
(1979)

Hastings
et al.
(1979)

Goldman
et al.
(1980)

Hastings et
al. (1979)

Goldman
et al.
(1980)

Fox et al.
(1979)
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TABLE 12-9. (continued)

Species
(strain)

Suckling rat
(Long-Evans)

Suckling rat
(Long-Evans)

Suckling mice
(ICR Swiss
albino)

Suckling rat
(Wistar)

Suckling rat
(Sprague-
Dawley)

Exposure

0.2% Pb(Ac)2in water
PND 0-21

0.2% Pb(Ac)2
in water
PND 0-21

0.25% Pb(Ac)2
in water
PNO 0-21

0.2% Pb(Ac)2in water
PND 2-60

0.5% Pb(AC)2in water
PND 2-60

0.25% Pb(Ac)2
in water from
gestation until

Time of
assay

PND 21

PNO 21

PND 21

PND 30

PND 60

PND 30

PND 60

PND 42

Blood lead,
ug/dl

65.0

65.1

72

115b

35b

308b

73b

87

Brain lead,
ug/lOOg

53

53

230

84

99

172

222

85

Blood: brain
lead ratio

1.2

1.2

0.3

1.4

0.4

1.8

0.3

1.0

Reference

Fox et al.
(1977)

Cooper
et al.
(1980)

Modak et al.
(1978)

Shigeta
et al.
(1979)

Govoni
et al.
(1980)

PND 42

0.5% Pb(Ac)2
in water
PND 0-21

1% Pb(Ac)2
in water
PND 0-21

Suckling rat 0.5% Pb(Ac)2
(Wistar albino) in diet

PND 0-365

Suckling rat
(Sprague-
Dawley)

4% PbC03
in water
PND 0-27

PND 21

PND 21

PND 7
PND 21
PND 35
PND 49

PND 90
PND 180
PND 365

PND 27

70

91

70
335
291
94

76
78
103

280

270

36
127
124
122

123
111
161

0.25

0.3

1.9
2.6
2.3
0.8

0.6
0.7
0.6

1.36

Mykkanen et
al. (1979)

Mykkanen et
al. (1982)

Wince et al.
(1980)
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TABLE 12-9. (continued)

Species
(strain)

Suckling rat
(Sprague-
Dawley)

Suckling rat
(Long-Evans)

Young mice
(ICR Swiss
albino)

Weanling rats
(Long-Evans)

Adult rat
(Charles
River-CD)

Time of
Exposure assay

0.1 mg/kg Pb(Ac)2 PNO 28
by gavage PND 42
PND 3-56 PND 56

25 mg/kg Pb(Ac)2 PND 15
by gavage
PND 2-14

75 mg/kg Pb(Ac)2 PND 15
by gavage
PND 2-14

0.25% Pb(Ac)2 PND 60
in water
PND 0-60

0.5% Pb(Ac)2 PND 60
in water
PND 0-60
1% Pb(Ac)2 PND 60
in water PND 0-60

0.0025% Pb(Ac)2
in water from
PND 22

0.005% Pb(Ac)2
in water from
PNO 22

0.01* Pb(Ac)2
in water from
PND 22

0.05% Pb(Ac)2
i n water from
PND 22

0.0005% Pb(Ac)2
in water for 21 days

Blood lead,
ug/dl

9.5
13.8
12.7

50

98

91

194

223

18

20

40

100

9

Brain lead,
ug/lOOg

12.1
11.1
10.2

40

60

410

360

810

7

30

50

120

10

Blood:brain
lead ratio

0.78
1.2
1.3

1.3

1.6

0.2

0.5

0.3

2.6

0.7

0.8

0.8

0.9

Reference

Collins et
al. (1984)

Jason and
Kel logg
(1981)

Modak et al.
(1978)

Cory-Slechta
et al.
(1985)

Bull et al.
(1979)

0.003% Pb(Ac)2
in water for 21 days

0.02% Pb(Ac)2
in water for 21 days

11

29

12

100

0.9

0.3
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TABLE 12-9. (continued)

Species
(strain)

Adult rat
(Wistar)

Exposure

0.15% Pb(Ac)2
in water for 3

Time of
assay

months

Blood lead,
ug/dl

31

Brain lead,
Mg/100g

12-18C

Blood:
lead

2.

brain
ratio

6-1. 7C
Reference

Ewers and
Erbe
(1980)

0.4% Pb(Ac)2 69
in water for 3 months

1% Pb(Ac)2 122
in water for 3 months

16-34C 4.3-2.0c

37-72C 3.3-1.7c

Abbreviations:
PND: post-natal day
Pb(Ac)2: lead acetate
PbCl2: lead chloride
Expressed as |jg Pb/lOOg blood.

C0epending on region.

Further evidence bearing on this was derived from a set of studies by Goldstein et al.
(1974), who reported that administration of a wide range of doses of radioactive lead nitrate
to one-month-old rats resulted in parallel linear increases in both blood and brain lead
levels during the ensuing 24 hours. This suggests that deposition of lead in brain occurs
without threshold and that, at least initially, it is proportional to blood lead concentra-
tion. However, further studies by Goldstein et al. (1974) followed changes in blood and brain
lead concentrations after cessation of lead exposure and found that, whereas blood lead levels
decreased dramatically (by an order of magnitude or more) during a 7-day period, brain lead
levels remained essentially constant over the one-week postexposure period. Thus, with even
intermittent exposures to lead, it is not unexpected that brain concentrations would tend to
remain the same or even to increase although blood I'ead levels may have returned to "normal"
levels. Evidence confirming this comes from findings of two studies: (1) Hammond (1971),
•showing that EDTA administration causing marked lead excretion in urine of young rats did not
significantly lower brain lead levels in the same animals; and (2) Goldstein et al. (1974),
showing that although EDTA prevented the HI vitro accumulation of lead into brain mito-
chondria, if lead was added first EDTA was ineffective in removing lead from the mitochondria.
These results, overall, indicate that, although lead may enter the brain in rough proportion
to circulating blood lead concentrations, it is then taken up by brain cells and tightly bound
into certain subcellular components (such as mitochondria! membranes) and retained there for
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quite long after initial external exposure ceases and blood lead levels markedly decrease.
This may help to account for the persistence of neurotoxic effects of various types noted
above long after the cessation of external lead exposure.

The uptake of lead into specific neural and non-neuronal elements of the brain has also
been studied and provides insight into possible morphological correlates of certain lead
effects discussed above and below as being observed ui vivo or j_n vitro. For example, Collins
et al. (1984) observed preferential accumulation of lead in the hippocampus of suckling rats
fed 0.1 mg/kg Pb(Ac)2 per day by gastric intubation from PND 3-56. In another study, Stumpf
et al. (1980), via autoradiographic localization of 2l°Pb, found that ependymal cells, glial
cells, and endothelial cells of brain capillaries concentrate and retain lead above background
levels for several days after injections of tracer amounts of the elements. These cells are
non-neural elements of brain important in the maintenance of "blood-brain barrier" functions,
and their uptake and retention of lead, even with tracer doses, provides evidence of a morpho-
logical basis by which lead effects on blood-brain barrier functions may be exerted. Again,
the retention of lead in these non-neuronal elements for at least several days after original
exposure points towards the plausibility of lead exerting effects on blood-brain barrier func-
tions long after external exposure ceases and blood lead levels decrease back toward normal
levels. Uptake and concentration of lead in the nuclei of some cortical neurons even several
days after administration of only a tracer dose of 210Pb was also observed by Stumpf et al.
(1980) and provide yet another plausible morphological basis by which neurotoxic effects might
be exerted by lead long after external exposure terminates and blood lead levels return to
apparently "normal" levels.

12.4.4 Integrative Summary of Human and Animal Studies of Neurotoxicity
An assessment of the impact of lead on human and animal neurobehavioral function raises a

number of issues. Among the key points addressed here are the following: (1) the internal
exposure levels, as indexed by blood lead levels, at which various adverse neurobehavioral
effects occur; (2) the reversibility of such deleterious effects; and (3) the populations that
appear to be most susceptible to neural damage. In addition, the question arises as to the
utility of using animal studies to draw parallels to the human condition.
12.4.4.1 Internal Exposure Levels at Which Adverse Neurobehavioral Effects Occur. Markedly
elevated blood lead levels are associated with neurotoxic effects (including severe, irrever-
sible brain damage as indexed by the occurrence of acute and/or chronic encephalopathic symp-
toms) in both humans and animals. For most adult humans, such damage typically does not occur
until blood lead levels exceed 120 ug/dl. Evidence does exist, however, for acute encephalo-
pathy and death occurring in some human adults at blood lead levels below 120 M9/dl, down to
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about 100 |jg/d1. In children, effective blood lead levels for producing encephalopathy or
death are somewhat lower, encephalopathy signs and symptoms having been reported for some
children at blood lead levels as low as 80-100 ug/dl.

It should be emphasized that, once encephalopathy occurs, death is not an improbable out-
come, regardless of the quality of medical treatment available at the time of acute crisis.
In fact, certain diagnostic or treatment procedures themselves tend to exacerbate matters and
push the outcome toward fatality if the nature and severity of the problem are not fully rec-
ognized or properly diagnosed. It is also crucial to note the rapidity with which acute en-
cephalopathic symptoms can develop or death can occur in apparently asymptomatic individuals
or in those apparently only mildly affected by elevated body burdens of lead. It is not
unusual for rapid deterioration to occur, with convulsions or coma suddenly appearing and with
progression to death within 48 hours. This strongly suggests that, even in apparently asymp-
tomatic individuals, rather severe neural damage probably exists at high blood lead levels
although such damage is not yet overtly manifested in obvious encephalopathic symptoms. This
conclusion is further supported by numerous studies showing that children with high blood lead
levels (over 80-100 ug/dl), but not observed to manifest acute encephalopathic symptoms, are
permanently cognitively impaired, as are most children who survive acute episodes of frank
lead encephalopathy.

Growing evidence indicates that subencephalopathic lead intoxication in adults causes
various overt neurological signs and symptoms at blood lead levels as low (40-60 ug/dl) as
those at which other overt manifestations (e.g., gastrointestinal symptoms) of lead intoxica-
tion have been detected. In addition, among apparently asymptomatic, non-overtly lead-
intoxicated adults, often more subtle (but important) central and peripheral nervous system
effects, e.g. slowed nerve conduction velocities, have been observed at blood lead levels as
low as 30 ug/dl.

Other evidence confirms that various types of -neural dysfunction exist in apparently
asymptomatic children across a broad range of blood lead levels. The body of studies on low-
er moderate-level lead effects on neurobehavioral functions, as summarized in Table 12-2, pre-
sents a rather impressive array of data pointing to that conclusion. At high exposure levels,
several studies point to average 5-point IQ decrements in asymptomatic children at average
blood levels of 50-70 ug/dl. Other evidence is indicative of average IQ decrements of up to
4 points being associated with blood levels in a 30-50 ug/dl range. Below 30 ug/dl, the evi-
dence for IQ decrements is mixed, with some studies showing no significant associations with
lead once other confounding factors are controlled. Still, the 1-2 point differences in IQ
generally seen with blood lead levels in the 15-30 ug/dl range are suggestive of small lead
effects that are typically dwarfed by other social factors. Moreover, the highly significant
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linear relationship between IQ and blood lead over the range of 6 to 47 |jg/dl found in low-SES
Black children indicates that IQ effects may be detected without evident threshold even at
these low levels, at least in this population of children. In addition, other behavioral
(e.g., reaction time, psychomotor performance) and electrophysiological (altered EEG patterns,
evoked potential measures, and peripheral nerve conduction velocities) are consistent with a
dose-response function relating neurotoxic effects to lead exposure levels as low as 15-30
(jg/dl and possibly lower. Although the comparability of blood lead concentrations across
species is uncertain (see discussion below), animal studies show neurobehavioral effects in
rats and monkeys at maximal blood lead levels below 20 ug/dl; some studies demonstrate
residual effects long after lead exposure has terminated and blood lead levels have returned
to approximately normal levels.

Timing, type, and duration of exposure are important factors in both animal and human
studies. It is often uncertain whether observed blood lead levels represent the levels that
were responsible for observed behavioral deficits. Monitoring of lead exposures in pediatric
subjects in all cases has been highly intermittent or non-existent during the period of life
preceding neurobehavioral assessment. In most studies of children, only one or two blood lead
values are provided per .subject. Tooth lead may be an important cumulative exposure index;
but its modest, highly variable correlation to blood lead, FEP, or external exposure levels
makes findings from various studies difficult to compare quantitatively. The complexity of
the many important covariates and their interaction with dependent measures of modest validi-
ty, e.g., IQ tests, may also account for many of the discrepancies among the different
studies.

The precise medical or health significance of the neuropsychological and electrophysio-
logical effects associated with low-level lead exposure as reported in the above studies is
difficult to state with confidence at this time. Observed IQ deficits and other behavioral
changes, although statistically significant in some studies, tend to be relatively small as
reported by the investigators, but nevertheless may still affect the intellectual development,
school performance, and social development of the affected children sufficiently to be regard-
ed as adverse. This would be especially true if such impaired intellectual development or
school performance and disrupted social development were reflective of persisting, long-term
effects of low-level lead exposure in early childhood. Although the issue of persistence of
such lead effects remains to be more clearly resolved, some study results reviewed above
suggest that significant low-level lead-induced neurobehavioral and electrophysiological
effects may, in fact, persist at least into later childhood. Animal studies also demonstrate
long-term neurobehavioral effects of relatively moderate- or low-level lead exposure, even
after blood lead concentrations have dropped to nearly normal levels.
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12.4.4.2 The Question of Irreversibi1ity. Little research on humans is available on persis-
tence of effects. Some work suggests the possibility of reversing mild forms of peripheral
neuropathy in lead workers, but little is known regarding the reversibility of lead effects on
central nervous system function in humans. A series of studies on a group of lead-exposed
children indicate persistent relationships between blood lead and altered slow wave cortical
potentials at two- and five-year follow-ups. However, IQ deficits in the same group of sub-
jects were no longer evident at the five-year follow-up. Some work suggests that other mea-
sures of classroom performance may be more sensitive indicators of lead-induced effects in
older children. Prospective longitudinal studies on the developmental effects of lead are
needed to answer questions on the persistence or reversibility of neurotoxic effects of early
lead exposure.

Various animal studies provide evidence that alterations in neurobehavioral function may
be long-lived, with such alterations being evident long after blood lead levels have returned
to control levels. These persistent effects have been demonstrated in monkeys as well as rats
under a variety of learning performance test paradigms. Such results are also consistent with
morphological, electrophysiological, and biochemical studies on animals that suggest lasting
changes in synaptogenesis, dendritic development, myelin and fiber tract formation, ionic
mechanisms of neurotransmission, and energy metabolism.
12.4.4.3 Early Development and Susceptibility to Neural Damage. On the question of early
childhood vulnerability, the neurobehavioral data are consistent with morphological and bio-
chemical studies of the susceptibility of the heme biosynthetic pathway to perturbation by
lead. Various lines of evidence suggest that the order of susceptibility to neurotoxic effects
of lead is: young > adult, and female > male. Animal studies also have pointed to the peri-
natal period of ontogeny as a particularly critical time for a variety of reasons: (1) it is
a period of rapid development of the nervous system; (2) it is a period where good nutrition
is particularly critical; and (3) it is a period where the caregiver environment is vital to
normal development. However, the precise boundaries of a critical period for lead exposure are
not yet clear and may vary depending on the species and function or endpoint that is being
assessed. One analysis of lead-exposed children suggests that differing effects on cognitive
performance may be a function of the different ages at which children are subjected to neuro-
toxic exposures. Nevertheless, there is general agreement that human infants and toddlers
below the age of three years are at special risk because of iji utero exposure, increased
opportunity for exposure because of normal mouthing behavior of lead-containing objects, and
increased rates of lead absorption due to various factors, e.g., iron and calciua defici-
encies.
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12.4.4.4 Utility of Animal Studies in Drawing Parallels to the Human Condition. Animal mod-
els are used to shed light on questions where it would be impractical or ethically unaccept-
able to use human subjects. This is particularly true in the case of exposure to environmen-
tal toxins such as lead. In the case of lead, it has been most effective and convenient to
expose developing animals via their mothers' milk or by gastric gavage, at least until wean-
ing. Very often, the exposure is continued in the water or food for some time beyond weaning.
This approach does succeed in simulating at least two features commonly found in human expo-
sure: oral intake and exposure during early development. The preweaning postnatal period in
rats and mice is of particular relevance in terms of parallels with the first two years or so
of human brain development.

Studies using rodents and monkeys have provided a variety of evidence of neurobehavioral
alteration induced by lead exposure. In most cases these effects suggest impairment in
"learning," i.e., the process of appropriately modifying one's behavior in response to infor-
mation from the environment. Such behavior involves the ability to receive, process, and
remember information in various forms. Some studies indicate behavioral alterations of a more
basic type, such as delayed development of certain reflexes. Other evidence suggests changes
affecting rather complex behavior in the form of social interactions.

Most of the above effects are evident in rodents and monkeys with blood lead levels
exceeding 30 ug/dl, but some effects on learning ability are apparent even at maximum blood
lead exposure levels below 20 ug/dl. Can these findings with animals be generalized to
humans? Given differences between humans, rats, and monkeys in heme chemistry, metabolism,
and other aspects of physiology and anatomy, it is difficult to state what constitutes an
equivalent internal exposure level, much less an equivalent external exposure level (see
Hammond et al. (1985) for a discussion of this). For example, is a blood lead level of 30
Mg/dl in a suckling rat equivalent to 30 ug/dl in a three-year-old child? Until an answer is
available for this question, i.e., until the function describing the relationship of exposure
indices in different species is available, the utility of animal models for deriving dose-
response functions relevant to humans will be limited.

Questions also exist regarding the comparability of neurobehavioral effects in animals
with human behavior and cognitive function. One difficulty in comparing behavioral endpoints
such as locomotor activity is the lack of a consistent operational definition. In addition to
the lack of standardized methodologies, behavior is notoriously difficult to "equate" or com-
pare meaningfully across species because behavioral analogies do not demonstrate behavioral
homologies. Thus, it is improper to assume, without knowing more about the responsible under-
lying neurological structures and processes, that a rat's performance on an operant condi-
tioning schedule or a monkey's performance on a stimulus discrimination task necessarily
corresponds directly to a child's performance on a cognitive function test. Nevertheless,
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interesting parallels in hyper-reactivity and increased response variability do exist between
different species, and deficits in performance by mammalian animals on various tasks are
probably indicative of altered CMS functions, which are likely to parallel some type of
altered CNS function in humans as well.

In terms of morphological findings, there are reports of hippocampal lesions in both
lead-exposed rats and humans that are consistent with a number of independent behavioral find-
ings suggesting an impaired ability to respond appropriately to altered contingencies for
rewards. That is, subjects with hippocampal damage tend to persist in certain patterns of
behavior even when changed conditions make the behavior inappropriate; the same sort of ten-
dency seems to be common to a number of lead-induced behavioral effects, including deficits in
passive avoidance, operant extinction, visual discrimination, and various other discrimination
reversal tasks. Other morphological findings in animals, such as demyelination and glial cell
decline, are comparable to human neuropathologic observations only at relatively high exposure
levels.

Another neurobehavioral endpoint of interest in comparing human and animal neurotoxicity
of lead is electrophysiological function. Alterations of electroencephalographic patterns and
cortical slow wave voltage have been reported for lead-exposed children, and various electro-
physiological alterations both in vivo (e.g., in rat visual evoked response) and in vitro
(e.g., in frog miniature endplate potentials) have also been noted in laboratory animals.
Thus, far, however, these lines of work have not converged sufficiently to allow for much in
the way of definitive conclusions regarding electrophysiological aspects of lead neuro-
toxicity.

Biochemical approaches to the experimental study of lead effects on the nervous system
have been basically limited to laboratory animal subjects. Although their linkage to human
neurobehavioral function is at this point somewhat speculative, such studies do provide in-
sight on possible neurochemical intermediaries of lead neurotoxicity. No single neurotrans-
mitter system has been shown to be particularly sensitive to the effects of lead exposure;
lead-induced alterations have been demonstrated in various neurotransmitters, including
dopamine, norepinephrine, serotonin, and gamma-aminobfutyric acid. In addition, lead has been
shown to have subcellular effects in the central nervous system at the level of mitochondria!
function and protein synthesis. In particular, some work has indicated that delays seen in
cortical synaptogenesis and metabolic maturation following prenatal lead exposure may well
underlie the delayed development of exploratory and locomotor function seen in other studies of
the neurobehavioral effects of lead. Further studies on the correlation between human blood
lead values and lead-induced disruptions of tetrahydrobiopterin metabolism indicate that sub-
sequent interference with neurotransmitter formation may be linked to small reductions in
IQ scores.
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Given the difficulties in formulating a comparative basis for internal exposure levels
among different species, the primary value of many animal studies, particularly in vitro
studies, may be in the information they can provide on basic mechanisms involved in lead
neurotoxicity. A number of key j_n vitro studies are summarized in Table 12-10. These stu-
dies show that significant, potentially deleterious effects on nervous system function occur
at in situ lead concentrations of 5 uM and possibly lower. This suggests that, at least in-
tracellularly or on a molecular level, there may exist essentially no threshold for certain
neurochemical effects of lead. The relationship between blood lead levels and lead concen-
trations at extra- or intracellular sites of action, however, remains to be determined.

Despite the problems in generalizing from animals to humans, both the animal and the
human studies show considerable internal consistency in that they both support a continuous
dose-response functional relationship between lead and neurotoxic biochemical, morphological,
electrophysiological, and behavioral effects.
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TABLE 12-10. SUMMARY OF KEY STUDIES OF IN VITRO LEAD EXPOSURE*

Preparation
Exposure

concentration Results Reference

ro
i—»
en

Adult rat brain

Isolated microvessels
from rat brain

Adult mouse
brain homogenate

Adult rat striatum

Embryonic chick
brain cell culture

Brainstem and forebrain
slices from PND-22 rats

Adult rat
cerebellar homogenates

Adult rat
cerebellar mitochondria

Adult frog
nerve/muscle preparation

Isolated, perfused
bullfrog retina

0.1 MM Pb(Ac)2

0.1 MM Pb(Ac)2

0.1-5 MM TBL

1-5 MM TBL

3 MM (Et3Pb)Cl2

3 MM (Et3Pb)Cl2

3-5 MM Pb2*

5 MM Pb(Ac)2

5 M>

5 MM Pb2+

35% inhibition of whole-
brain BH4 synthesis
Blockade of sugar-specific
transport sites in capil-
lary endothelial cells
1) 50% decline in high

affinity uptake of DA;
2) 25% increase in

release of DA
0-60% inhibition of spiro-
peridal binding to DA
receptors
50% reduction in no. of
cells exhibiting processes
Inhibition of leucine in-
corporation into myelin
proteins

Inhibition of adenylate
cyclase activity
Inhibition of respiration

Increase in frequency of
MEPP's (indicative of
depression of synaptic
transmission)
Depression of rod (but not
cone) receptor potentials

Purdy et al.
(1981)

Kolber et al
(1980)

Bondy et al.
(1979a,b)

Bondy and Agrawal
(1980)

Grundt et al.
(1981)

Konat and Clausen
(1978, 1980);
Konat et al.
(1979)

Taylor et al.
(1978)

Gmerek et al.
(1981)

Kolton and Yaari
(1982)

Fox and Sillman
(1979)



TABLE 12-10. (continued)

Preparation
Exposure

concentration Results Reference

roi
en
UJ

Cerebellar slices
from PND-14 rats

In oculo culture of
cerebellar tissue
from PND-15 rats

Cell suspension from
forebrain of PND-22 rats

Adult rat cerebral
and cerebellar mitochondria

Adult rat caudate
synaptosomes

5-7 MM (Et3Pb)Cl2

5-10 pM Pb2+

20 uM (Et3Pb)Cl2

50 uM Pb(Ac)2

50 uM PbCl2

Capillary endothelial
cells from rat cere-
cortex

100 pM Pb(Ac)2

Inhibition of incorporation
of S04 and serine into
myelin galactolipids
"Disinhibition" of NE-
induced inhibition of
spontaneous activity in
Purkinje cells
30% inhibition of total
protein synthesis
Inhibition of respiration

8-fold^increase in binding
of Ca2 to mitochondria
(effectively increases
Ca2 gradient across ter-
minal membrane, thus in-
creasing synaptic trans-
mission without altering
firing rates)
Pb preferentially seques-
ter^d in mitochondria like
Ca2 (possible basis for
Pb-induced disruption of
transmembrane Ca2 transport)

Grundt and
Neskovic (1980)

Taylor et al.
(1978)

Konat et al.
(1978)

Holtzman et al.
(1978, 1980b)

Silbergeld and
Adler (1978)

Silbergeld et al.
(1980b)

Abbreviations:

PND: postnatal day
Pb(Ac)2: lead acetate
PbCl2: lead chloride
Et3Pb: triethyl lead
TBL: tri-n-butyl lead
DA: dopamine
NE: norepinephrine
BH4: tetrahydrobiopterin
MEPP's: miniature endplate potentials



12.5 EFFECTS OF LEAD ON THE KIDNEY
12.5.1 Historical Aspects

The first description of renal disease due to lead was published by Lancereaux (1862).
In a painter with lead encephalopathy and gout, Lancereaux noted tubulo-interstitial disease
of the kidneys at autopsy. Distinctions between glomerular and tubulo-interstitial forms of
kidney disease were not, however, clearly defined in the mid-nineteenth century. Ollivier
(1863) reported observations in 37 cases of lead poisoning with renal disease and thus intro-
duced the idea that lead nephropathy was a proteinuric disease, a confusion with primary
glomerular disease that persisted for over a century. Under the leadership of Jean Martin
Charcot, interstitial nephritis characterized by meager proteinuria in lead poisoning was
widely publicized (Charcot, 1874; Charcot and Gombault, 1881) but not always appreciated by
contemporary physicians (Danjoy, 1864; Geppert, 1882; Lorimer, 1886).

More than ninety years ago, the English toxicologist Oliver (1885, 1891) distinguished
acute effects of lead on the kidney from lead-induced chronic nephropathy. Acute renal
effects of lead were seen in persons dying of lead poisoning and were usually restricted to
non-specific changes in the renal proximal tubular lining cells. Oliver noted that a "true
interstitial nephritis" developed later, often with glomerular involvement.

In an extensive review of the earlier literature, Pejic (1928) emphasized that changes in
the proximal tubules, rather than the vascular changes often referred to in earlier studies
(Gull and Sutton, 1872), constitute the primary injury to the kidney in lead poisoning. Many
subsequent studies have shown pathological alterations in the renal tubule with onset during
the early or acute phase of lead intoxication. These include the formation of inclusion
bodies in nuclei of proximal tubular cells (Blackman, 1936) and the development of functional
defects as w e l l as ultrastructural changes, particularly in renal tubular mitochondria.
Wedeen (1984) has extensively reviewed the history of lead poisoning and its relationship to
kidney disease.

12.5.2 Lead Nephropathy in Childhood
Dysfunction of the proximal tubule was first noted as glycosuria in the absence of hyper-

glycemia in childhood pica (McKhann and Vogt, 1926). Later it was shown that the proximal
tubule transport defect included aminoaciduria (Wilson et al., 1953). Subsequently, Chisolm
et al. (1955) found that the full Fanconi syndrome was present: glycosuria, aminoaciduria,
phosphaturia (with hypophosphatemia), and rickets. Proximal tubular transport defects ap-
peared only when blood lead levels exceeded 80 ug/dl. Generalized aminoaciduria was seen more
consistently in Chisolm1'; (1962, 1968) studies than were other manifestations of renal dys-
function. The condition was related to the severity of clinical toxicity, with the complete
Fanconi syndrome occurring in encephalopathic children when blood lead concentrations exceeded
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150 ug/dl (National Academy of Sciences, 1972). Children who were under three years of age
excreted 4-8.9 mg of lead chelate during the first day of therapy with CaNa2EDTA at 75 mg/kg
per day. The aminoaciduria disappeared after treatment with chelating agents and clinical
remission of other symptoms of lead toxicity (Chisolm, 1962). This is an important observa-
tion relative to the long-term or chronic effects of lead on the kidney.

In a group of children with slight lead-related neurological signs reported by Pueschel
et al. (1972), generalized aminoaciduria was found in 8 of 43 children with blood lead levels
of 40-120 ug/dl. Blood lead values in the children with aminoaciduria were not specifically
provided but presumably were among the highest found. It should be noted that the children
reported to have aminoaciduria in this study were selected because of a blood lead level of
^50 ug/dl or a provocative chelation test of >500 ug of lead chelate per 24 hours.

Although children are considered generally to be more susceptible than adults to the
toxic effects of lead, the relatively sparse literature on childhood lead nephropathy probably
reflects a greater clinical concern with the life-threatening neurologic symptoms of lead in-
toxication than with the transient Fanconi syndrome.

12.5.3 Lead Nephropathy in Adults
There are various lines of evidence in the literature that prolonged lead exposure in

humans can result in chronic lead nephropathy in adults. This evidence is reviewed below in
terms of six major categories: (1) lead nephropathy following childhood lead poisoning; (2)
"moonshine" lead nephropathy; (3) occupational lead nephropathy; (4) lead and gouty nephro-
pathy; (5) lead and hypertensive nephrosclerosis; and (6) general population studies.

Although a variety of methods have been used to assess body burdens of lead, the EDTA
lead-mobilization test has emerged as the most reliable index of cumulative lead stores (see
Chapter 10, Section 10.3.3). The reliability of this test is apparent under various condi-
tions. For example, Leckie and Tompsett (1958) showed that increasing the dosage of
CaNa2EDTA above 2 g/day intravenously had little effect on the amount of lead chelate excreted
by adults. They observed little difference in chelatable lead excretion when 1 g was compared
with 2 g intravenously. Similarly, the magnitude of lead chelated when 1 g is given intrave-
nously or 2 g intramuscularly (over 12 hr) appears to be the same (Albahary et al., 1961;
Emmerson, 1963; Wedeen et al., 1975). Adult control subjects without undue lead absorption
excrete less than 650 ug lead chelate during the first post-injection day if renal function is
normal, or over four days if renal function is severely reduced. Thus, in adults, urinary ex-
cretion of lead chelate in excess of about 600 ug over one or more days following 1-3 g
CaNa2EDTA administered intravenously or intramuscularly is.considered indicative of excessive
past lead absorption. The level of reduction of glomerular filtration rate at which the EDTA
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lead-mobilization test is no longer reliable has not been precisely defined but probably ex-
ceeds a reduction of 85 percent (serum creatinine concentrations in excess of about 6 mg/dl).
12.5.3.1 Lead Nephropathy Following Childhood Lead Poisoning. Reports from Queensland,
Australia (Gibson et al., 1893; Nye, 1933; Henderson, 1954; Emmerson, 1963) point to a strong
association between severe childhood lead poisoning (including central nervous system
symptoms) and chronic nephritis in early adulthood. The Australian children sustained acute
lead poisoning because the houses around Brisbane were painted with white lead, which the
children ingested by direct contamination of their fingers or by drinking lead-sweetened rain
water as it flowed over the weathered surfaces. Two fingers brushed against the powdery paint
were shown to pick up about 2 mg of lead (Murray, 1939). Henderson (1954) followed up 401 un-
treated children who had been diagnosed as having lead poisoning in Brisbane between 1915 and
1935. Of these 401 subjects, death certificates revealed that 165 had died under the age of
40, 108 from nephritis or hypertension. This is greatly in excess of expected probabilities.
Information was obtained from 101 of the 187 survivors, and 17 of these had hypertension and/
or albuminuria.

The Australian investigators also established the validity of the EOTA lead-mobilization
test for the detection of excessive past lead absorption and further demonstrated that the
body lead stores were retained primarily in bone (Emmerson, 1963; Henderson, 1954; Inglis et
al., 1978). Bone lead concentrations averaged 94 ug/g wet weight in the young adults dying of
lead nephropathy in Australia (Henderson and Inglis, 1957; Inglis et al., 1978), compared with
mean values ranging from 14 to 23 ug/g wet weight in bones from non-exposed individuals
(Barry, 1975; Emmerson, 1963; Gross et al., 1975; Wedeen, 1982).

Attempts to confirm the relationship between childhood lead intoxication and chronic
nephropathy have not been successful in at least two studies in the United States. Most
children in the United States who suffer from overt lead toxicity do so early in childhood,
between the ages of 1 and 4, the source often being oral ingestion of flecks of wall paint and
plaster containing lead. Tepper (1963) found no evidence of increased chronic renal disease
in 139 persons with a wel1-documented history of childhood plumbism 20-35 years earlier at
the Boston Children's Hospital. The total study population comprised 165 patients (after re-
view of 524 case records) who met any two of the following criteria: 1) a definite history of
pica or use of lead nipple shields; 2) X-ray evidence of lead-induced skeletal alterations; or
3) characteristic symptoms of lead toxicity. No uniform objective measure of lead absorption
was reported. In 42 of the 139 subjects in question, clinical tests of renal function were
performed and included urinalysis, endogenous creatinine clearance, urine culture, urine con-
centrating ability, 24-hour protein excretion, and phenolsulfonphthalein excretion. Only one
patient was believed to have died of lead nephropathy; three with creatinine clearances under
90 ml/min were said to have had inadequate urine collections. Insufficient details concerning
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past lead absorption and patient selection were provided to permit generalized conclusions
from this report.

Chisolm et al. (1976) also found no evidence of renal disease in 55 adolescents known to
have been treated for lead intoxication 11-16 years earlier. This U.S. study was carried out
on adolescents between 12 and 22 years of age in the late 1960s. During acute toxicity in
early childhood, blood lead levels had ranged from 100 to 650 pg/dl; all had received immedi-
ate chelation therapy. Follow-up chelation tests performed with 1 g EDTA i.m. (with procaine)
approximately a decade later resulted in 24-hour lead-chelate excretion of less than 600 ug in
45 of 52 adolescents. Thus, an important distinction between the Australian group and those
patients in the United States studied by Chisolm et al. (1976) is that none of the latter sub-
jects showed evidence of increased residual body lead burden by the EDTA lead-mobilization
test. The absence of renal disease (as judged by routine urinalysis, blood serum urea nitro-
gen, serum uric acid, and creatinine clearance) led Chisolm et al. to suggest that lead toxi-
city in the Australian children may have been of a different type, with a more protracted
course than that experienced by the American children. On the other hand, chelation therapy
of the American children may have removed lead stored in bone and thus prevented the develop-
ment of renal failure later in life.
12.5.3.2 "Moonshine" Lead Nephropathy. In the United States, chronic lead nephropathy in
adults was first noted among illicit whiskey consumers in the southeastern states. The pre-
revolutionary tradition of homemade whiskey ("moonshine") was modernized during the Prohibi-
tion era for large-scale production. The copper condensers traditionally used in the illegal
stills were replaced by truck radiators with lead-soldered parts. Illegally produced whiskey
might contain up to 74 mg of lead per liter (Eskew et al., 1961). The enormous variability in
moonshine lead content has recently been reiterated in a study of 12 samples from Georgia, of
which five contained less than 10 ug/1 but one contained 5.3 mg/1 (Gerhardt et al., 1980).

Renal disease often accompanied by hypertension and gout was common among moonshiners
(Eskew et al., 1961; Morgan et al., 1966; Ball and Sorensen, 1969). These patients usually
sought medical care because of symptomatic lead poisoning characterized by colic, neurological
disturbances, and anemia, although more subtle cases were sometimes detected by use of the
i.v. EDTA lead-mobilization test (Morgan, 1968; Morgan and Burch, 1972). While acute sympto-
matology, including azotemia, sometimes improved during chelation therapy, residual chronic
renal failure, gout, and hypertension frequently proved refractory, thus indicating underlying
chronic renal disease superimposed on acute renal failure due to lead (Morgan, 1975).
12.5.3.3 Occupational Lead Nephropathy. Although rarely recognized in the United States
(Brieger and Rieders, 1959; Anonymous, 1966; Greenfield and Gray, 1950; Johnstone, 1964;
Kazantzis, 1970; Lane, 1949; Malcolm, 1971; Mayers, 1947), occupational lead nephropathy,
often in association with gout and hypertension, was widely identified in Europe as a sequela
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to overt lead intoxication in the industrial setting (Albahary et al., 1961, 1965; Cramer et
al., 1974; Danilovic, 1958; Galle and Morel-Maroger, 1965; Lejeune et al. , 1969; Lilis et al.,
1967, 1968; Radosevic et al., 1961; Radulescu et al., 1957; Richet et al., 1964, 1966; Tara
and Francon, 1975; Vigdortchik, 1935). Some of the more important recent studies are summa-
rized here.

Richet et al. (1964) reported renal findings in eight lead workers, all of whom had re-
peated episodes of lead poisoning, including colic. Intravenous EDTA lead-mobilization tests
ranged from 587 to 5930 ug lead-chelate excretion per 24 hours. Four of these men had reduced
glomerular filtration rates, one had hypertension with gout, one had hypertension alone, and
one had gout alone. Proteinuria exceeded 200 mg/day in only one patient. Electron microscopy
showed intranuclear and cytoplasmic inclusions and ballooning of mitochondria in proximal
tubule cells. The presence of intranuclear inclusion bodies is helpful in establishing a re-
lationship between renal lesions and lead toxicity, but inclusion bodies are not always pre-
sent in persons with chronic lead nephropathy (Cramer et al., 1974; Wedeen et al., 1975,
1979).

Richet et al. (1966) subsequently recorded renal findings in 23 symptomatic lead workers
in whom blood lead levels ranged from 30 to 87 ug/dl. Six had diastolic pressures over 90
mm Hg, three had proteinuria exceeding 200 mg/day, and five had gout. In 5 of 21 renal biop-
sies, glomeruli showed minor hyalinization, but two cases showed major glomerular disease.
Interstitial fibrosis and arteriolar sclerosis were seen in all but two biopsies. Intra-
nuclear inclusion bodies were noted in 13 cases. Electron microscopy showed loss of brush
borders, iron-staining intracellular vacuoles, and ballooning of mitochondria in proximal
tubule epithelial cells.

Effective renal plasma flow, as measured by plasma clearance of para-aminohippurate
(C . ), was determined in 14 lead-poisoned Rumanian workers before and after chelation therapy
by Lilis et al. (1967). C , increased from a pre-treatment mean of 428 ml/min (significantly
less than the control mean of 580 ml/min) to a mean of 485 ml/min after chelation therapy (p
<0.02). However, no significant increase in glomerular filtration rate (as determined by en-
dogenous creatinine clearance) was found. Lilis et al. (1967) interpreted the change in
effective renal plasma flow as indicating reversal of the renal vasoconstriction that accom-
panied acute lead toxicity. Although neither blood lead concentrations nor long-term follow-
up observations of renal function were reported, it seems likely that most of these patients
suffered from acute, rather than chronic, lead nephropathy.

In a subsequent set of 102 cases of occupational lead poisoning studied by Lilis et al.
(1968), seven cases of clinically verified chronic nephropathy were found. In this group, en-
dogenous creatinine clearance was less than 80 ml/min two weeks or more after the last episode
of lead colic. The mean blood lead level approximated 80 ug/dl (range: 42-141 ug/dl.) All
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patients excreted more than 10 mg lead chelate over 5 days during therapy consisting of 2 g
CaNa2EDTA i.v. daily. Nephropathy was more common among those exposed to lead for more than
10 years than among those exposed for less than 10 years. Most of the Rumanian lead workers
had experienced lead colic, and 13 of 17 had persistent hypertension that followed the appear-
ance of renal failure by several years. Proteinuria was absent except in two individuals who
excreted 250 and 500 mg/1. Hyperuricemia was not evident in the absence of azotemia. In both
studies by Lilis et al. (1967, 1968), reduced urea clearance preceded reduced creatinine
clearance.

Cramer et al. (1974) examined renal biopsies from five lead workers exposed for 0.5-20
years in Sweden. Their blood lead levels ranged from 71 to 138 ug/dl, with glomerular filtra-
tion rates ranging from 65 to 128 ml/min, but C . exceeding 600 ml/min in all. Although
plasma concentrations of valine, tyrosine, and phenylalanine were reduced, excretion of these
amino acids was not significantly different from controls. A proximal tubular reabsorptive
defect might, therefore, have been present without increased amino acid excretion because of
low circulating levels: increased fractional excretion may have occurred without increased
absolute amino acid excretion. Albuminuria and glycosuria were not present. Glomeruli were
normal by electron microscopy. Intranuclear inclusions in proximal tubules were found in two
patients with normal GFRs, and peritubular fibrosis was present in the remaining three
patients who had had the longest occupational exposure (4-20 years).

Wedeen et al. (1975, 1979) reported on renal dysfunction in 140 occupationally exposed
men. These investigators used the EDTA lead-mobilization test (1 g CaNa2EDTA with 1 ml of
2 percent procaine given i.m. twice, 8-12 hr apart) to detect workers wrth excessive body lead
stores. In contrast to workers with concurrent lead exposure (Alessio et al., 1979), blood
lead measures have proven unsatisfactory for detection of fast lead exposure (Baker et al.,
1979; Havelda et al. , 1980; Vitale et al., 1975). Of the 140 workers tested, 113 excreted
1000 ug or more of lead-chelate in 24 hr compared with a normal upper limit of 650 ug/day
(Albahary et al., 1961; Emmerson, 1973; Wedeen et al., 1975). Glomerular filtration rates
(GFR) measured by 125I-iothalamate clearance in 57 men with increased mobilizable lead re-
vealed reduced renal function in 21 (GFR less than 90 ml/min per 1.73 m2 body surface area).
When workers over age 55 or with gout, hypertension, or other possible causes of renal disease
were excluded, 15 remained who had previously unsuspected lead nephropathy. Their GFRs ranged
between 52 and 88 ml/min per 1.73 m2. Only three of the men with occult renal failure had
ever experienced symptoms attributable to lead poisoning. Of the 15 lead nephropathy
patients, one had a blood lead level over 80 ug/dl, three repeatedly had blood levels under 40
ug/dl, and eleven had blood levels between 40 and 80 ug/dl at the time of the study. Thus,
blood lead levels were poorly correlated with degree of renal dysfunction. The failure of
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blood lead level to predict the presence of lead nephropathy probably stems from the indepen-
dence of blood lead from cumulative bone lead stores (Gross, 1981; Saenger et al., 1982a,b).

Percutaneous renal biopsies from 12 of the lead workers with reduced GFRs revealed focal
interstitial nephritis in six. Non-specific changes were present in proximal tubules, includ-
ing loss of brush borders, deformed mitochondria, and increased lysosomal bodies. Intra-
nuclear inclusion bodies were not found in the renal biopsies from these men who had experi-
enced long-term occupational exposure and who had had chelation tests shortly before biopsy.
In experimental animals, chelation results in the rapid disapperance of lead-induced intra-
nuclear inclusions (Goyer and Wilson, 1975). The detection of a variety of immunoglobulin
deposits by fluorescent microscopy suggests (but does not prove) the possibility that some
stages of lead nephropathy in adults may be mediated by immune mechanisms.

Eight patients with pre-azotemic occupational lead nephropathy were treated with 1 g
CaNa2EDTA (with procaine) i.m. three times weekly for 6-50 months. In four patients, GFR rose
by 20 percent or more by the time the EDTA test had fallen to less than 850 ug Pb/day. The
rise in GFR was paralleled by increases in effective renal plasma flow (C .) during EDTA
treatment. These findings indicate that chronic lead nephropathy may be reversible by chela-
tion therapy, at least during the pre-azotemic phase of the disease (Wedeen et al., 1979).
However, much more information will have to be obtained on the value of long-term, low-dose
chelation therapy before this regimen can be widely recommended. There is, at present, no
evidence that interstitial nephritis itself is reversed by chelation therapy. It may well be
that only functional derangements are corrected and that the improvement in GFR is not accom-
panied by disappearance of tubulo-interstitial changes in kidney. Chronic volume depletion,
for example, might be caused by lead-induced depression of the renin-angiotension-aldosterone
system (McAllister et al., 1971) or by direct inhibition of (Na , K )ATPase-mediated sodium
transport (Nechay and Williams, 1977; Nechay and Saunders, 1978a,b,c; Raghavan et al., 1981;
Secchi et al., 1973). On the other hand, volume depletion would be expected to produce pre-
renal azotemia, but this was not evident in these patients. The value of chelation therapy in
chronic lead nephropathy once azotemia is established is unknown.

The prevalence of azotemia among lead workers has recently been confirmed in health sur-
veys conducted at industrial sites (Baker et al., 1979; Hammond et al., 1980; Landrigan et
al... 1982; L i l i s et al., 1979, 1980). Interpretation of these data is, however, hampered by
the weak correlation generally found between blood lead levels and chronic lead nephropathy in
aaults, the ibsence of matched prospective controls, and the lack of detailed diagnostic in-
formation on the workers found to have renal dysfunction. Moreover, blood serum urea nitrogen
(BUN) is a relatively poor indicator of renal function because it is sensitive to a variety of
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physiological variables other than GFR, including protein anabolism, catabolism, and hydra-
tion. Several other measures of renal function are more reliable than the BUN, including in
order of increasing clinical reliability: serum creatinine, endogenous creatinine clearance,
and 125I-iothalamate or inulin clearance. It should be noted that none of these measures of
GFR can be considered reliable in the presence of any acute illness such as lead colic or
encephalopathy. Elevated BUN in field surveys may, therefore, sometimes represent transient
acute functional changes rather than chronic intrinsic renal disease.

The variable susceptibility of the kidneys to the nephrotoxic effects of lead suggests
that environmental factors in addition to lead may participate in the expression of renal
damage. Industrial workers are often exposed to a variety of toxic materials, some of which,
such as cadmium (Buchet et al., 1980), are themselves nephrotoxic. In contrast to cadmium,
lead does not increase urinary excretion of beta-2-microglobulins (Batuman et al., 1981;
Buchet et al., 1980) or lysozyme (Wedeen et al., 1979) independently of increased low-molecu-
lar-weight proteinuria induced by renal failure itself. Multiple interactions between en-
vironmental toxins may enhance susceptibility to lead nephrotoxicity. Similarly, nephro-
toxicity may be modulated by reductions in 1,25-dihydroxyvitamin Da, increased 6-betahydroxy-
cortisol production (Saenger et al., 1981, 1982a,b), or immunologic alterations
(Gudbrandsson et al., 1981; Koller and Brauner, 1977; Kristensen, 1978; Kristensen and
Andersen, 1978). Reductions in dietary intake of calcium, copper, or iron similarly appear to
increase susceptibility to lead intoxication (Mahaffey and Michaelson, 1980).

The slowly progressive chronic lead nephropathy resulting from years of relatively low-
dose lead absorption (i.e., insufficient to produce symptoms of acute intoxication) observed
in adults is strikingly different from the acute lead nephropathy arising from the relatively
brief but intense exposure arising from childhood pica. Typical acid-fast intranuclear inclu-
sions are, for example, far less common in the kidneys of adults (Cramer et al., 1974; Wedeen
et al., 1975). Although aminoaciduria has been found to be greater in groups of lead workers
than in controls (Clarkson and Kench, 1956; Goyer et al., 1972), proximal tubular dysfunction
is more difficult to demonstrate in adults with chronic lead nephropathy than in acutely ex-
posed children (Cramer et al., 1974). It should be remembered, however, that children with
the Fanconi syndrome have far more severe acute lead intoxication than is usual for workmen on
the job. In contrast to the reversible Fanconi syndrome associated with childhood lead poi-
soning, proximal tubular reabsorptive defects in occupationally exposed adults are uncommon
and subtle; clearance measurements are often required to discern impaired tubular reabsorption
in chronic lead nephropathy. Hyperuricemia is frequent among lead workers (Albahary et al.,
1965; Garrod, 1859; Hong et al., 1980; Landrigan et al., 1982), presumably a consequence of
specific lead inhibition of uric acid excretion, increased uric acid production (Emmerson e:t
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al., 1971; Granick et al. , 1978; Ludwig, 1957), and pre-renal azotemia from volume depletion.
The hyperuricemia in adults contrasts with the reduced serum uric acid levels usually associa-
ted with the Fanconi syndrome in childhood lead poisoning. Although aminoaciduria and glyco-
suria are unusual in chronic lead nephropathy, Hong et al. (1980) reported a disproportionate
reduction in the maximum reabsorptive rate for glucose compared with para-aminohippurate (PAH)
in five of six lead workers they studied. PAH transport has not been consistently altered
beyond that expected in renal failure of any etiology (Hong et al., 1980; Wedeen et al.,
1975). Biagini et al. (1977) have, however, reported a good negative linear correlation be-
tween the one-day EDTA lead-mobilization test and C . in 11 patients with histologic evidence
of lead-induced ultrastructural abnormalities in proximal tubules.

The differences between lead nephropathy in children and adults would not appear to be a
consequence of the route of exposure, since a case of pica in an adult (geophagic lead nephro-
pathy) studied by Wedeen et al. (1978) showed the characteristics of chronic rather than acute
lead nephropathy. Intranuclear inclusions were absent, and the GFR was reduced out of propor-
tion to the effective renal plasma flow.
12.5.3.4 Lead and Gouty Nephropathy. Renal disease in gout can often be attributed to well-
defined pathogenetic mechanisms including urinary tract stones and acute hyperuricemic nephro-
pathy with intratubular uric acid deposition (Bluestone et al., 1977). In the absence of
intra- or extra-renal urinary tract obstruction, the frequency, mechanism, and even the exist-
ence of a renal disease peculiar to gout remains in question. While some investigators have
described "specific" uric acid-induced histopathologic changes in both glomeruli and tubules
(Gonick et al., 1965; Sommers and Churg, 1982), rigorously defined controls with comparable
degrees of renal failure were not studied simultaneously. Specific histologic changes in the
kidneys in gout have not been found by others (Pardo et al., 1968; Bluestone et al., 1977).
Glomerulonephritis, vaguely defined "pyelonephritis" (Heptinstall, 1974), or intra- and
extra-renal obstruction may have sometimes been confused with the gouty kidney, particularly
in earlier studies (Fineberg and Altschul, 1956; Gibson et al., 1980b; Mayne, 1955; McQueen,
1951; Schnitker and Richter, 1936; Talbott and Terplarv, 1960; Williamson, 1920).

The hijtopathology of interstitial nephritis in gout appears to be non-specific and can-
not usually be differentiated from that of pyelonephritis, nephrosclerosis, or lead nephro-
pathy on morphologic grounds alone (Barlow and Beilin, 1968; Bluestone et al., 1977; Greenbaum
et al 1961; Heptinstall, 1974; Inglis et al. , 1978). Indeed, renal histologic changes in
non-gouty hypertensive patients have been reported to be identical to those found in gout
patients (Cannon et al., 1966). In these hypertensive patients, serum uric acid levels paral-
leled the BUN.
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Confusion between glomerular and interstitial nephritis can in part be explained by the
tendency of proteinuria to increase as renal failure progresses, regardless of the underlying
etiology (Batuman et al., 1981). In the absence of overt lead intoxication it may, therefore,
be difficult to recognize surreptitious lead absorption as a factor contributing to renal
failure in gouty patients. Further, medullary urate deposits, formerly believed to be charac-
teristic of gout (Brown and Mallory, 1950; Mayne, 1955; McQueen, 1951; Fineberg and Altschul,
1956; Talbott and Terplan, 1960), have more recently been reported in end-stage renal disease
patients with no history of gout (Cannon et al., 1966; Inglis et al., 1978; Linnane et al.,
1981; Ostberg, 1968; Verger et al., 1967). Whether such crystalline deposits contribute to,
or are a consequence of, renal damage cannot be determined with confidence. In the presence
of severe hyperuricemia (serum uric acid greater than 20 pg/dl), intraluminal crystal deposi-
tion may produce acute renal failure because of tubular obstruction associated with grossly
visible medullary streaks (Emmerson, 1980). In chronic renal failure without gout or massive
hyperuricemia, the functional significance of such medullary deposits is unclear (Linnane et
al. , 1981). Moreover, medullary microtophi, presumably developing around intraluminal depo-
sits, may extend into the renal interstitium, inducing foreign body reactions with giant cell
formation. Such deposits are sometimes overlooked in routine histologic preparations, as they
may be dissolved in aqueous fixatives. Their histologic identification requires alcohol fixa-
tion and deGalantha staining (Verger et al., 1967). Because of the acid milieu, medullary
deposits are usually uric acid, while microtophi developing in the neutral pH of the renal
cortex are usually monosodium urate. Both amorphous and needle-like crystals have been demon-
strated in kidneys of non-gout and hyperuricemic patients, frequently in association with ar-
teriolonephrosclerosis (Inglis et al., 1978; Cannon et al., 1966; Ostberg, 1968). Urate depo-
sits, therefore, are not only not diagnostic, but may be the result, rather than the cause, of
interstitial nephritis. The problem of identifying unique characteristics of the gouty kidney
has been further confounded by the coexistence of pyelonephritis, diabetes mellitis, hyperten-
sion, and the aging process itself.

Although the outlook for gout patients with renal disease was formerly considered grim
(Talbott, 1949; Talbott and Terplan, 1960), more recent long-term follow-up studies suggest a
benign course in the absence of renovascular or other supervening disease (Fessel, 1979; YQ
and Berger, 1982; Yu, 1982). Over the past four decades the reported incidence of renal
disease in gout patients has varied from greater than 25 percent (Fineberg and Altschul, 1956;
Hench et al., 1941; Talbott, 1949; Talbott and Terplan, 1960; Wyngaarden, 1958) to less than 2
percent, as observed by Yu (1982) in 707 patients followed from 1970 to 1980. The low inci-
dence of renal disease in some hyperuricemic populations does not support the view that ele-
vated serum uric acid levels of the degree ordinarily encountered in gout patients are harmful
to the kidneys (Emmerson, 1980; Fessel, 1979; Ramsay, 1979; Reif et al., 1981). Similarly,
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the failure of the xanthine oxidase inhibitor, allopurinol, to reverse the course of renal
failure in gout patients despite marked reductions in the serum uric acid (Bowie et al., 1967;
Levin and Abrahams, 1966; Ogryzlo et al., 1966; Rosenfeld, 1974; Wilson et al., 1967) suggests
that renal disease in gout may be due in part to factors other than uric acid. Some studies
have, however, suggested a possible slowing of the rate of progression of renal failure in
gout by allopurinol (Gibson et al., 1978, 1980a,b; Briney et al., 1975). While the contribu-
tion of uric acid to the renal disease of gout remains controversial, the hypothesized dele-
terious effect of hyperuricemia on the kidney has no bearing on other potential mechanisms of
renal damage in these patients.

Although hyperuricemia is universal in patients with renal failure, gout is rare in such
patients except when the renal failure is due to lead. Gout occurs in approximately half of
the patients with lead nephropathy (Emtnerson, 1963, 1973; Ball and Sorensen, 1969; Richet et
al., 1965). Moreover, among gout patients in Scotland without known lead exposure, blood lead
levels were found to be higher than in non-gouty controls (Campbell et al., 1978). The long
association of lead poisoning with gout raises the possibility that lead absorption insuffi-
cient to produce overt lead intoxication may, nevertheless, cause gout with slowly progressive
renal failure. Garrod (1859), Ball and Sorensen (1969), and Erronerson et al., (1971) demon-
strated that lead reduces uric acid excretion, thereby creating the internal milieu in which
gout can be expected. The mechanism of hyperuricemia in lead poisoning is, however, unclear.
Serum uric acid levels would be expected to rise in association with lead-induced pre-renal
azotemia; increased proximal tubule reabsorption of uric acid could result from reduced glo-
merular filtration rate due to chronic volume depletion. Increased tubular reabsorption of
uric acid in lead nephropathy has been suggested by the pyrazinamide suppression test
(Emmerson et al., 1971), but interpretation of this procedure was questioned (Holmes and
Kelley, 1974). Lead-induced inhibition of tubular secretion of uric acid, therefore, remains
another possible mechanism of reduced uric acid excretion. In addition, some investigators
have found increased uric acid excretion in saturnine gout patients, thereby raising the
possibility that lead increases uric acid production in addition to reducing uric acid
excretion (Emmerson et al., 1971; Ludwig, 1957; Granick et al., 1978).

To test the hypothesis that undetected lead absorption may sometimes contribute to
renal failure in gout, Batuman et al. (1981) administered the EDTA lead-mobilization test to
44 armed service veterans with gout and assessed their renal function. Individuals currently
exposed to lead (e.g., lead workers) were excluded. Collection of urine during the EDTA lead-
mobilization test was extended to three days because reduced GFR delays excretion of the lead
chelate (Emmerson, 1963). Note that the EDTA test does not appear to be nephrotoxic even for
patients with preexisting renal failure (Wedeen et al., 1983). Half of the gout patients had
normal renal function and half had renal failure as indicated by serum creatinines over 1.5
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mg/dl (mean = 3.0; standard error = 0.4 mg/dl), reflecting approximately 70 percent reduction
in renal function. The groups were comparable with regard to age, duration of gout, incidence
of hypertension, and history of past lead exposure. The mean (and standard error) blood lead
concentration was 26 (± 3) ug/dl in the patients with reduced renal function and 24 (± 3)
Mg/dl in the gout patients with normal kidney function. The gout patients with renal dysfunc-
tion, however, excreted significantly more lead chelate than did those without renal dysfunc-
tion (806 ± 90 versus 470 ± 52 ug lead over 3 days). Ten control patients with comparable
renal failure excreted 424 ± 72 ug lead during the 3-day EDTA test (2 g i.m.). The non-gout
control patients with renal failure had normal lead stores (Emmerson, 1973; Wedeen et al.,
1975), indicating that the excessive mobilizable lead in the gout patients with renal failure
was not a consequence of reduced renal function per se. The source of lead exposure in these
armed service veterans could not be determined with confidence. A history of transient occu-
pational exposure and occasional moonshine consumption was common among all the veterans, but
the medical histories did not correlate with either the EDTA lead-mobilization test or the
presence of renal failure. The relative contributions of airborne lead, industrial sources,
and illicit whiskey to the excessive body lead stores demonstrated by the EDTA lead-mobiliza-
tion test could not, therefore, be determined.

These studies suggest that excessive lead absorption may sometimes be responsible for the
gouty kidney in contemporary patients, as appeared to be the case in the past (Wedeen, 1981).
Although the EDTA lead-mobilization test cannot prove the absence of other forms of renal
disease, a positive EDTA test can indicate that lead may be a contributing cause of renal
failure when other known causes are excluded by appropriate diagnostic studies.
12.5.3.5 Lead and Hypertensive Nephrosclerosis. Hypertension is another putative complica-
tion of excessive lead absorption that has a long and controversial history. In the older
literature hypertension was often linked to lead poisoning, frequently in association with
renal failure (Beevers et al., 1980; Dingwall-Fordyce and Lane, 1963; Emmerson, 1963; Legge,
1901; Lorimer, 1886; Morgan, 1976; Oliver, 1891; Richet et al., 1966; Vigdortchik, 1935); but
a number of other investigators also failed to find such an association (Belknap, 1936;
Brieger and Rieders, 1959; Cramer and Dahlberg, 1966; Fouts and Page, 1942; Malcolm, 1971;
Mayers, 1947; Ramirez-Cervantes et al., 1978). Much more consistent evidence for associations
between lead exposure and hypertension has emerged, however, from numerous recent studies (as
discussed in the 1986 Addendum to this document). This includes epidemiological evidence
which suggests that hypertension is possibly mediated by lead-induced renal effects. Some of
the evidence pointing toward renal involvement is concisely reviewed below.

Among non-occupationally exposed individuals in Scotland, hypertension and serum uric
acid levels have been found to correlate with blood lead levels (Beevers et al., 1976). The
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kidneys of patients with chronic lead nephropathy may show uric acid deposits and the vas-
cular changes of "benign essential hypertension" even in the absence of gout and hypertension
(Cramer et al., 1974; Inglis et al., 1978; Morgan, 1976; Wedeen et al., 1975). In a long-term
follow-up study of 624 patients with gout, Yii and Berger (1982) reported that while hyper-
uricemia alone had no deleterious effect on renal function, decreased renal function was more
likely to occur in gout patients with hypertension and/or ischemic heart disease than in those
with uncomplicated gout.

Hypertension by itself is widely accepted as a cause of renal failure, although the renal
sequelae of moderate hypertension appear to be less dramatic than in the past (Kincaid-Smith,
1982). In order to determine if unsuspected excessive body lead stores might contribute to
the renal disease of hypertension, 3-day EDTA (2 g i.m.) lead-mobilization tests were perform-
ed in hypertensive armed service veterans with and without renal failure (Batuman et al.,
1983). A significant increase in mobilizable lead was found in hypertensive subjects with
renal disease compared to those without renal disease. Control patients with renal failure
again demonstrated normal mobilizable lead, thereby supporting the view that renal fail-
ure is not responsible for the excess mobilizable lead in patients with hypertension and renal
failure. These findings suggest that patients who would otherwise be deemed to have essential
hypertension with nephrosclerosis can be shown to have underlying lead nephropathy by the EDTA
lead-mobilization test when other renal causes of hypertension are excluded.

The mechanism whereby lead induces hypertension remains unclear. Although renal disease,
particularly at the end-stage, is a recognized cause of hypertension, renal arteriolar histo-
logic changes may precede both hypertension and renal disease (Wedeen et al., 1975). Lead may
therefore induce hypertension by direct or indirect effects on the vascular system (see Sec-
tion 12.9.1 and the Addendum to this document).

Studies of hypertension in moonshine consumers have indicated the presence of hyporenin-
emic hypoaldosteronism. A blunted plasma renin response to salt depletion has been described
in lead poisoned patients; this response can be restored to normal by chelation therapy
(McAllister et al., 1971; Gonzalez et al., 1978; Sandstead et al., 1970a). The diminished
renin-aldosterone responsiveness found in moonshine drinkers could not, however, be demon-
strated in occupationally exposed men with acute lead intoxication (Campbell et al., 1979).
Although the impairment of the renin-aldosterone system appears to be independent of renal
failure and hypertension, hyporeninemic hypoaldosteronism due to lead might contribute to the
hyperkalemia (Morgan, 1976) and the exaggerated natriuresis (Fleischer et al., 1980) of some
patients with "benign essential hypertension." Since urinary kallikrein excretion is reduced
in lead workers with hypertension, it has been suggested that the decrease in this vasodilator
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may contribute to lead-induced hypertension (Boscolo et al., 1981). The specificity of kalli-
krein suppression in the renal and hypertensive manifestions of excessive lead absorption can-
not, however, be determined from available data, because lead workers without hyper-
tension and essential hypertensive patients without undue lead absorption also have reduced
urinary kallikrein excretion.
12.5.3.6 General Population Studies. Few studies have been performed to evaluate the possi-
ble harmful effects of lead on the kidneys in populations without suspected excessive lead ab-
sorption from occupational or moonshine exposure.

An epidemiological survey in Scotland of households with water lead concentrations in ex-
cess of WHO recommendations (100 ug/1) revealed a close correlation between water lead content
and blood lead and serum urea concentrations (Campbell et al., 1977). In 970 households lead
concentrations in drinking water ranged from <0.1 to >8.0 mg/1. After clinical and biochemi-
cal screening of 283 subjects from 136 of the households with water lead concentrations in ex-
cess of 100 ug/1, a subsample of 57 persons with normal blood pressure and elevated serum urea
(40 ug/dl) was compared with a control group of 54 persons drawn from the study group with
normal blood pressure and normal serum urea. The frequency of renal dysfunction in indivi-
duals with elevated blood lead concentratons (>41 ug/dl) was significantly greater than that
of age- and sex-matched controls.

Since 62 general practitioners took part in the screening, the subsamples may have come
from many different areas; however, it was not indicated if matching was done for place of re-
sidence. The authors found a significantly larger number of high blood lead concentrations
among the persons with elevated serum urea and claimed that elevated water lead concentration
was associated with renal insufficiency as reflected by raised serum urea concentrations.
This conclusion is difficult to accept since serum urea is not the method of choice for eva-
luating renal function. Despite reservations concerning use of the BUN for assessing renal
function (due to transient fluctuations), these findings are consistent with the view that ex-
cessive lead absorption from household water causes renal dysfunction. However, the authors
used unusual statistical methods and could not exclude the reverse causal relationship, i.e.,
that renal failure had caused elevated blood lead levels in their study group. A carefully
matched control population of azotemic individuals from low lead households would have been
helpful for this purpose. A more convincing finding in another subsample was a strong asso-
ciation between hyperuricemia and blood lead level. This was also interpreted as a sign of
renal insufficiency, but it may have represented a direct effect of lead on uric acid produc-
tion or renal excretion.
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Campbell et al. (1977) also found a statistically significant correlation between blood
lead concentration and hypertension. Tap-water lead did not, however, correlate with blood
lead among the hypertensive group, thus suggesting that other environmental sources of lead
may account for the presence of high blood lead concentrations among hypertensive persons in
Scotland (Beevers et al., 1976, 1980).

12.5.4 Mortality Data
Cooper and Gaffey (1975) analyzed mortality data available from 1267 death certificates

for 7032 lead workers who had been hired by 16 smelting or battery plants between 1900 and
1969. Standardized mortality ratios revealed an excess of observed over predicted deaths from
"other hypertensive disease" and "chronic nephritis and other renal sclerosis." The authors
concluded that "high levels of lead absorption such as occurred in many of the workers in this
series, can be associated with chronic renal disease." In an extension of this mortality
study covering the period 1971-1975 (Cooper, 1981), the excess of deaths from "other hyper-
tensive disease" and "chronic nephritis" was no longer evident. In the follow-up study,
deaths from major cardiovascular and renal diseases were "slightly higher than expected," but
did not reach statistical significance (Cooper, 1981). Cooper (1984) recently reexamined data
for a more rigorously selected subset of the same population (6819 workers versus 7032 origi-
nally) for the period 1947-1980. He found significantly greater than expected mortality for
both battery plant and lead smelter workers. These excess deaths appeared to result primarily
from malignant neoplasms (but not renal malignancies), chronic renal disease, and "ill-
defined" causes. Chronic renal disease reflected two general classifications: "other hyper-
tensive disease" and "chronic and unspecified nephritis." Most of these deaths occurred prior
to 1971, which accounts for the lack of such findings in Cooper's (1981) analysis of 1971-1975
data. Cooper (1984) noted that, although battery plant workers showed the greatest excess of
deaths from these causes, they did not show significantly elevated standardized mortality
ratios for hypertensive heart disease or stroke. Despite the lack of excess of renal carci-
noma in Cooper's analyses, kidney tumors have been fq.und in lead-poisoned experimental animals
(see Section 12.7) and in at least two cases of occupationally exposed workers (Baker et al.,
1980; Lilis, 1981). Selevan et al. (1984) have also noted an increased, but not statistically
significant, incidence of renal cancer in a group of lead smelter workers.

In a more limited study of 241 Australian smelter employees who were diagnosed as lead
poisoned between 1928 and 1959 by a government medical board, 140 deaths were identified be-
tween 1930 and 1977 (McMichael and Johnson, 1982). Standard proportional mortality rates of
the lead-exposed workers compared with 695 non-lead-exposed employees revealed an overall
threefold excess in deaths due to chronic nephritis and a twofold excess in deaths due to
cerebral hemorrhage in the lead-exposed workers. Over the 47 years of this retrospective
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study, the number of deaths from chronic nephritis decreased from an initial level of 36 per-
cent to 4.6 percent among the lead-exposed workers, compared with a drop from 8.7 percent to
2.2 percent among controls. From 1965 to 1977 the age-standardized mortality rates from
chronic nephritis were the same for the lead-worker and control groups, although both rates
were higher than the proportional mortality rate for the general population of Australian
males. The latter observation indicated that the excessive deaths from chronic nephritis
among lead-poisoned workers at the smelter had declined in recent decades.

Despite substantial evidence that lead produces interstitial nephritis in adults, the im-
pact of chronic lead nephropathy on the general population is unknown. The diagnosis of lead
nephropathy is rarely made in dialysis patients in the United States. The absence of the
diagnosis does not, however, provide evidence for the absence of the disease. Advanced renal
failure is usually encountered only many years after excessive lead exposure. Moreover, acute
intoxication may never have occurred, and neither heme enzyme abnormalities nor elevated blood
lead levels may be present at the time renal failure becomes apparent. The causal relation-
ship between lead absorption and renal disease may therefore not be evident. It is likely
that such cases of lead nephropathy have previously been included among other diagnostic
categories such as pyelonephritis, interstitial nephritis, gouty nephropathy, and hypertensive
nephrosclerosis. Increasing proteinuria as lead nephropathy progresses may also cause con-
fusion with primary glomerulonephritis. It should also be noted that the End Stage Renal
Disease Program (U.S. Health Care Financing Administration, 1982) does not even include the
diagnosis of lead nephropathy in its reporting statistics, regardless of whether the diag-
nosis is recognized by the attending nephrologist.

12.5.5 Experimental Animal Studies of the Pathophysiology of Lead Nephropathy
Laboratory studies of experimental animals have helped clarify a number of the mechanisms

underlying lead-induced nephropathy in humans. The following discussion will center on the
renal uptake and intracellular binding of lead, morphological alterations, various functional
changes, and biochemical effects associated with the renal toxicity of lead.
12.5.5.1 Lead Uptake by the Kidney. Lead uptake by the kidney has been studied jjn vivo and
2ji vitro using slices of renal tissue. Vander et al. (1977) performed renal clearance studies
in dogs two hours after a single i.v. dose of 0.1 or 0.5 mg lead acetate containing 1-3 mCi
of 203Pb or 1 hour after continous i.v. infusion of 0.1-0.15 mg/kg-hour. These investigators
reported that 43-44 percent of the plasma lead was ultrafiltrable, with kidney reabsorption
values of 89-94 percent for the ultrafiltrable fraction. A subsequent stop-flow analysis in-
vestigation by Victery et al. (1979a), using dogs given a single i.v. dose of lead acetate at
0.2 or 10.0 mg/kg, showed both proximal and distal tubular reabsorption sites for lead. Dis-
tal reabsorption was not linked to sodium chloride or calcium transport pathways. Proximal
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tubule reabsorption was demonstrated in all animals tested during citrate or bicarbonate
infusion. Another experiment by Victery et al. (1979b) examined the influence of acid-base
status on renal accumulation and excretion of lead in dogs given 0.5-50 ug/kg hour as an in-
fusion or in rats given access to drinking water containing 500 ppm lead for 2-3 months. They
showed that alkalosis increased lead entry into tubule cells via both luminal and basolateral
membranes, with a resultant increase in both renal tissue accumulation and urinary excretion
of lead. Similarly, acutely induced alkalosis increased lead excretion in rats previously
exposed through their drinking water. The authors concluded that earlier results from acute
exposure experiments on the renal handling of lead (Vander et al., 1977) were at least quali-
tatively similar to results of the chronic exposure experiments and that rats were an accept-
able model for investigating the effects of alkalosis on the excretion of lead following
chronic exposure.

Iji vitro studies (Vander et al., 1979) using slices of rabbit kidney incubated with 203Pb
acetate at lead concentrations of 0.1 or 1.0 uM over 180-minute time intervals showed that a
steady-state uptake of 203Pb by slices (ratio of slice to medium uptake in the range of 10-42)
was reached after 90 minutes and that lead could enter the slices as a free ion. Tissue slice
uptake was reduced by a number of metabolic inhibitors, thus suggesting a possible active
transport mechanism. Tin (Sn IV) markedly reduced 203Pb uptake into the slices but did not
affect lead efflux or para-aminohippurate accumulation. This finding raises the possibility
that Pb and Sn (IV) compete for a common carrier. Subsequent studies also using rabbit kidney
slices (Vander and Johnson, 1981) showed that co-transport of 203Pb into the slices in the
presence of organic anions such as cysteine, citrate, glutathione, histidine, or serum ultra-
filtrate was relatively small compared with uptake due to ionic lead.

In summary, it is clear from the above i_n vivo and i_n vitro studies on several different
animal species that renal accumulation of lead is an efficient process that occurs in both
proximal and distal portions of the nephron and at both luminal and basolateral membranes.
The transmembrane movement of lead appears to be mediated by an uptake process that is subject
to inhibition by several metabolic inhibitors and the acid-base status of the organism.
12.5.5.2 Intracellular Binding of Lead in the Kidney. The bioavailability of lead inside
renal tubule cells under low or 203Pb-tracer exposure conditions is mediated in part by bind-
ing to several high-affinity cytosolic binding proteins (Oskarsson et al., 1982; Mistry et
a l . , 1982) and, at higher exposure conditions, by the formation of cytoplasmic and intra-
nuclear inclusion bodies (Goyer et al., 1970a). These inclusion bodies have been shown by
both cell fractionation (Goyer et al., 1970a) and X-ray microanalysis (Fowler et al., 1980) to
contain the highest intracellular concentrations of lead. Saturation analysis of the renal
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63,000 dalton (63K) cytosolic binding protein has shown that it possesses an approximate dis-
-8

sociation constant (K.) of 10 M (Mistry et al., 1982). These data quantify the high-affi-
nity nature of this protein for lead and explain the previously reported finding (Oskarsson et
al., 1982) that this protein constitutes a major intracellular lead-binding site in the kidney
cytosol. Biochemical studies on the protein components of isolated rat kidney intranuclear
inclusion bodies have shown that the main component has an approximate molecular weight of 27K
(Moore et al., 1973) or 32K (Shelton and Egle, 1982) and that it is rich in two dicarboxylic
amino acids, glutamate and aspartate (Moore et al., 1973). The isoelectric point of the main
nuclear inclusion body protein has been reported to be pi =6.3 and appeared from two-dimen-
sional gel analysis to be unique to nuclei of lead-injected rats (Shelton and Egle, 1982).
The importance of the inclusion bodies resides with the suggestion (Goyer et al., 1970a; Moore
et al., 1973; Goyer and Rhyne, 1973) that, since these structures contain the highest intra-
cellular concentrations of lead in the kidney proximal tubule and hence account for much of
the total cellular lead burden, they sequester lead to some degree away from sensitive renal
organelles or metabolic (e.g., heme biosynthetic) pathways until their capacity is exceeded.
The same argument would apply to the high-affinity cytosolic lead-binding proteins at lead ex-
posure levels below those that cause formation of inclusion bodies. It is currently unclear
whether lead-binding to these proteins is an initial step in the formation of the cytoplasmic
or nuclear inclusion bodies (Oskarsson et al., 1982).
12.5.5.3 Pathological Features of Lead Nephropathy. The main morphological effects of lead
in the kidney are manifested in renal proximal tubule cells and interstitial spaces between
the tubules. A summary of morphological findings from some recent studies involving a number
of animal species is given in Table 12-11. In all but one of these studies, formation of in-
tranuclear inclusion bodies is a common pathognomic featureVor all species examined. In ad-
dition, proximal tubule cell cytomegaly and swollen mitochondria with increased numbers of
lysosomes were also observed in two of the chronic exposure studies (Fowler et al., 1980; Spit
et al. , 1981). Another feature reported in three of these studies (Mass et al., 1964; White,
1977; Fowler et al., 1980) was the primary localization of morphological changes in the
straight (S3) segments of the proximal tubule, thereby indicating that not all cell types of
the kidney are equally involved in the toxicity of lead to this organ. Interstitial fibrosis
has also been reported in rabbits (Hass et al., 1964) given diets containing 0.5 percent lead
acetate for up to 55 weeks and in rats (Goyer, 1971) given drinking water containing lead ace-
tate for 9 weeks.
12.5.5.4 Functional Studies
12.5.5.4.1 Renal blood flow and glomerular filtration rate. Studies by Aviv et al. (1980)
concerning the impact of lead on renal function as assessed by renal blood flow (RBF) and
glomerular filtration rate (GFR) have reported significant (p <0.01) reductions in both of
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TABLE 12-11. MORPHOLOGICAL FEATURES OF LEAD NEPHROPATHY IN VARIOUS SPECIES

ho
i
00

Morphological findings*

Species

Rabbit

Pb dose regtMen

0.5% Pb acetate in

Nuclear
inclusions

+

Increased
Mitochondria!

swelling

NO

Increased
lysosones

NO

Interstitial
fibrosis

t

Reference

Hass et al. (1964)
diet for up to 55
weeks

Rat IX Pb in drinking water
for 9 weeks

Dog 50 ug/kg by gavage for
5 weeks

Monkey 0. 1.5, 6.0, 15 ug/day
in ad lib. drinking water
6 days/week for 9 Months

Rat 0, 0.5, 5, 25, 50, 250
ppM in ad lib. drinking
water

Rabbit 0. 0.25, 0.50 ug/kg
by subcutaneous Injection
3 days/wk for 14 weeks

NO

NO

NO

NO

NO

NO

NO

Goyer (1971)

White (1977)

Colle et al. (1980)

Fowler et al. (1980)

Spit et al. (1981)

Ringed
dove

100 ug/Ml
in ad lib.
water

+ + - Kendall et al. (1981)
drinking

*ND = Not detemined; + = positive finding; - = negative finding.



these parameters in rats at 3 and 16 weeks after termination of exposure to 1 percent lead
acetate in drinking water. A statistically significant (p <0.05) reduction of GFR has also
been recently described in dogs 2.5-4 hours after a single i.v. dose of lead at 3.0 mg/kg
(Victery et al., 1981). In contrast, studies by others (Johnson and Kleinman, 1979; Hammond
et al., 1982) were not able to demonstrate a reduction in GFR or RBF using the rat as a model.
The reasons behind these reported differences are currently unclear but may be related to
differences in experimental design, age of subjects, or other variables.
12.5.5.4.2 Tubular function. Exposure to lead has also been reported to produce tubular dys-
function (Studnitz and Haeger-Aronsen, 1962; Goyer, 1971; Mouw et al., 1978; Suketa et al.,
1979; Victery et al., 1981, 1982a,b, 1983). An early study (Studnitz and Haeger-Aronsen,
1962) reported aminoaciduria in rabbits given a single dose of lead at 125 mg/kg, with urine
collected over a 15-hour period. Goyer et al. (1970b) described aminoaciduria in rats follow-
ing exposure to 1 percent lead acetate in the diet for 10 weeks. Wapnir et al. (1979) con-
firmed a mild hyperaminoaciduria in rats .injected with lead at 20 mg/kg five times a week for
six weeks but found no changes in urinary excretion of phosphate or glucose.

Other studies (Mouw et al., 1978; Suketa et al., 1979; Victery et al., 1981, 1982a,b,
1983) have focused attention on increased urinary excretion of electrolytes. Mouw et al.
(1978) reported increased urinary excretion of sodium, potassium, calcium, and water in dogs
given a single intravenous injection of lead at 0.6 or 3.0 mg/kg over a 4-hour period. This
effect occurred despite a constant GFR, which indicates decreased tubular reabsorption of
these substances. Suketa et al. (1979) treated rats with a single oral dose of lead at 0, 5,
50, or 200 mg/kg and killed the animals at 0, 6, 12, or 24 hours after treatment. A dose-
related increase in urinary sodium, potassium, and water was observed over time. Victery et
al. (1981, 1982a,b, 1983) studied zinc excretion in dogs over a 4-hour period following an
intravenous injection of lead at 0.3 or 3.0 mg/kg. These investigators reported maximal in-
creases in zinc excretion of 140 ng/min at the 0.3 mg/kg dose and 300 ng/min at the 3.0 mg/kg
dose at the end of the 4-hour period. In contrast, studies by Mouw et al. (1978) showed no
changes in urinary excretion of sodium or potassium. Urinary protein and magnesium excretion
were also unchanged.

The results of the above studies indicate that acute or chronic lead treatment is capable
of producing tubular dysfunction in various mammalian species, as manifested by increased uri-
nary excretion of amino acid nitrogen, water, and some ions such as Zn2 , Ca2 , Na , and K .

12.5.6 Experimental Studies of the Biochemical Aspects of Lead Nephrotoxicity
12.5.6.1 Membrane Marker Enzymes and Transport Functions. The biochemical effects of lead in
the kidney appear to be preferentially localized in the cell membranes and mitochondria! and
nuclear compartments following either acute or chronic lead exposure regimens.
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Oral exposure of rats to lead acetate in the diet at concentrations of 1-2 percent for
10-40 weeks was found to produce no significant changes in the water content of renal slices
or in the accumulation of para-aminohippurate or tetraethyl-ammonium. However, tissue glucose
synthesis at 40 weeks and pyruvate metabolism were both significantly (p <0.05) reduced
(Hirsch, 1973).

Wapnir et al. (1979) examined biochemical effects in kidneys of rats injected with lead
acetate (20 mg/kg) five days per week for six weeks. They observed a significant (p <0.05)
reduction in renal alkaline phosphatase activity and an increase in (Mg2 )-ATPase, but no sig-
nificant changes in (Na ,K )-ATPase, glucose-6-phosphatase, fructose 1-6 diphosphatase, tryp-
tophan hydroxylase, or succinic dehydrogenase. These findings indicated that preferential
effects occurred only in marker enzymes localized in the brush border membrane and mitochon-
dria! inner membrane. Suketa et al. (1979) reported marked (50-90 percent) decreases in renal
(Na ,K )-ATPase at 6-24 hours following a single oral administration of lead acetate at a dose
of 200 mg/kg. A later study (Suketa et al., 1981) using this regimen showed marked decreases
in renal (Na , K )-ATPase but no significant changes in (Mg2 )-ATPase after 24 hours, thus in-
dicating inhibition of a cell membrane marker enzyme prior to changes in a mitochondria!
marker enzyme.
12.5.6.2 Mitochondria! Respiration/Energy-Linked Transformation. Effects of lead on renal
mitochondrial structure and function have been studied by a number of investigators (Goyer,
1968; Goyer and Krai!, 1969a,b; Fowler et a!., 1980, 1981a,b). Examination of proximal tubule
cells of rats exposed to drinking water containing 0.5-1.0 percent lead acetate for 10 weeks
(Goyer, 1968; Goyer and Krall, 1969a,b) or 250 ppm lead acetate for 9 months (Fowler et al.,
1980) has shown swollen proximal tubule cell mitochondria in situ. Common biochemical find-
ings in these studies were decreases in respiratory control ratios (RCR) and inhibition of
state-3 respiration, which was most marked for NAD-1 inked substrates such as pyruvate/malate.
Goyer and Krall (1969a,b) found these respiratory effects to be associated with a decreased
capacity of mitochondria to undergo energy-linked structural transformation.

_4
In vitro studies (Garcia-Canero et al., 1981) using 10 M lead demonstrated decreased
__ --—-—— f

renal mitochondrial membrane transport of pyruvate or glutamate associated with decreased res-
piration for these two substrates. Other ni vitro studies (Fowler et al., 1981a,b) have shown
decreased renal mitochondrial membrane energization as measured by the fluorescent probes
l-anilino,-8 napthalenesulfonic acid (ANS) or ethidium bromide following exposure to lead

.5 -3
acetate at concentrations of 10 -10 M lead. High amplitude mitochondrial swelling was also
observed by light scattering.

The results of the above studies indicate that lead produces mitochondrial swelling both
in situ and in vitro, associated with a decrease in respiratory function that is most marked
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for RCR and state-3 respiration values. The structural and respiratory changes appear to be
linked to lead-induced alteration of mitochondria! membrane energization.
12.5.6.3 Renal Heme Biosynthesis. There are several reports concerning the effects of lead
on renal heme biosynthesis following acute or chronic exposure (see Table 12-12). Silbergeld
et al. (1982) injected rats with lead at 10 umol/kg per day for three days and examined ef-
fects on several tissues including kidney. These investigators found an increase in
6-aminolevulinic acid synthetase (ALA-S) following acute injection and no change following
chronic exposure (first indirectly via their dams' drinking water containing lead at 10 mg/ml
until 30 days of age and then directly via this drinking water until 40-60 days of age).
Renal tissue content of 6-aminolevulinic acid (ALA) was increased in both acutely and chroni-
cally exposed rats. Renal 6-aminolevulinic acid dehydrase (ALA-D) was found to be inhibited
in both acute and chronic treatment groups. Gibson and Goldberg (1970) injected rabbits s.c.
with lead acetate at doses of 0, 10, 30, 150, or 200 mg/week for up to 24 weeks. The mito-
chondrial enzyme ALA-S in kidney was found to show no measurable differences from control
levels. Renal ALA-D, which is found in the cytosol fraction, showed no differences from con-
trol levels when glutathione was present but was significantly reduced (p <0.05) to 50 percent
of control values for the pooled lead-treated groups when glutathione was absent. Mitochon-
drial heme synthetase (ferrochelatase) was not significantly decreased in lead-treated versus
control rabbits, but this enzyme in the kidney was inhibited by 72 and 94 percent at lead-
acetate concentrations of 10 and 10 M lead, respectively. Accumulation (12-15 fold) of
both ALA and porphobilinogen (PBG) was also observed in kidney tissue of lead-treated rabbits
relative to controls. Zawirska and Medras (1972) injected rats with lead acetate at a dose of
3 mg/day for up to 60 days and noted a similar renal tissue accumulation of uroporphyrin,
coproporphyrin, and protoporphyrin. A study by Fowler et al. (1980) using rats exposed
through 9 months of age to 50 or 250 ppm lead acetate in drinking water showed significant
inhibition of the mitochondria! enzymes ALA-S and ferrochelatase but no change in the activity
of the cytosolic enzyme ALA-0. Similar findings have been reported for ALA-0 following acute
i.p. injection of lead acetate at doses of 5-100 mg/kg at 16 hours prior to sacrifice (Woods
and Fowler, 1982). In the latter two studies, reduced glutathione was present in the assay
mixture.

To summarize the above studies, the pattern of alteration of renal heme biosynthesis by
lead is somewhat different from that usually observed with this agent in other tissues (see
Section 12.3). In general, renal ALA-0 does not seem to be inhibited much by lead except
under conditions of high-level exposure (Table 12-12). Such a finding could result from the
presence of the recently described high affinity cytosolic lead-binding proteins (Oskarsson et
al., 1982; Mistry et al. , 1982) in the kidney and/or the formation of lead-containing
intranuclear inclusion bodies in this tissue (Goyer, 1971; Fowler et al., 1980), which would
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TABLE 12-12. EFFECTS OF LEAD EXPOSURE ON ASPECTS OF RENAL HEME BIOSYNTHESIS

Species

Rabbit

Rat

Rat

Rat
(dams)

(newborns)

Rat
(dams)

(sucklings

Rat

Rat

Rat

Pb dose regimen ALA-S

10, 30, 150, 200 NC
mg/kg per wk (s.c.)

3 mg/day ND
(s.c.)

10, 100, 1000, ND
5000 ppm in
d.w. for 3 wks

10 ppm in d.w. ND
during:
3 wks before mating
3 wks of pregnancy
3 wks after delivery

ND

100 ppm in d.w. ND
for 3 wks

) ND

0.5, 5, 25, 50, 250 i
ppm in d.w. for
9 months

5, 25, 50, 100 mg/kg ND
(i .p. ) 16 hrs prior
to sacrifice

10 Mmol/kg/(i.p.) t
for 3 days

10 mg/ml in d.w. NC
for 10-30 days

Parameter Affected3

Renal tissue
ALA-D FC porphyrins

±4. NC t ALA, PBG
(12-15x)

ND ND t uro-,
copro- , proto-
porphyrins

4- ND t at 1000 and
5000 ppm;
t ALA- urine

NC ND NC

NC ND t

NC ND NC

NC ND t

NC i ND

NC ND ND

i- ND t ALA

4- ND t ALA

Reference

Gibson and Gold
berg (1970)

Zawirska and
Medras (1972)

Buchet et al .
(1976)

Hubermont
et al. (1976)

Roels et al.
(1977)

Fowler et al .
(1980)

Woods and
Fowler (1982

Si Ibergeld
et al. (1982

at = increased; *• = decreased; ± = effect depends on conditions of assay; NC = no change
relative to controls; ND = not determined.
s.c. - subcutaneous; i.p. - intraperitoneal; d.w. - drinking water.
FC - ferrochelatase.
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sequester most of the intracellular lead away from other organelle compartments until the
capacity of these mechanisms is exceeded. Based on the observations of Gibson and Goldberg
(1970), tissue or assay concentrations of glutathione may also be of importance to the effects
of lead on this enzyme. The observed lack of ALA-S induction in kidney mitochondria reported
in the above studies may have been caused by decreased mitochondria! protein synthesis
capacity or, as previously suggested (Fowler et al., 1980), by overwhelming inhibition of this
enzyme by lead, such that any inductive effects were not measurable. Further research is
needed to resolve these questions.
12.5.6.4 Alteration of Renal Nucleic Acid/Protein Synthesis. A number of studies have shown
marked increases in renal nucleic acid or protein synthesis following acute or chronic expo-
sure to lead acetate. One study (Choie and Richter, 1972a) conducted on rats given a single
intraperitoneal injection of lead acetate showed an increase in 3H-thymidine incorporation. A
subsequent study (Choie and Richter, 1972b) involved rats given intraperitoneal injections of
1-7 mg lead once per week over a 6-month period. Autoradiography of 3H-thymidine incorpora-
tion into tubule cell nuclei showed a 15-fold increase in proliferative activity in the lead-
treated rats relative to controls. The proliferative response involved cells both with and
without intranuclear inclusions. Follow-up autoradiographic studies in rats given three
intraperitoneal injections of lead acetate (0.05 mg/kg) 48 hours apart showed a 40-fold
increase in 3H-thymidine incorporation 20 hours after the first lead dose and 6 hours after
the second and third doses.

Choie and Richter (1974a) also studied mice given a single intracardiac injection of lead
(5 ug/g) and demonstrated a 45-fold maximal increase in DMA synthesis in proximal tubule
cells as judged by 3H-thymidine autoradiography 33 hours later. This increase in DNA synthe-
sis was preceded by a general increase in both RNA and protein synthesis (Choie and Richter,
1974b). The above findings were essentially confirmed with respect to lead-induced increases
in nucleic acid synthesis by Cihak and Seifertova (1976), who found a 13-fold increase in
3H-thymidine incorporation into kidney nuclei of mice 4 hours after an intracardiac injection
(5 ug/g) of lead acetate. This finding was associated with a 34-fold increase in the
mitotic index but no change in the activities of thymidine kinase or thymide monophosphate
kinase. Stevenson et al. (1977) have also reported a 2-fold increase in 3H-thymidine or
14C-orotic acid incorporation into kidney DNA or RNA of rats given a single intraperitoneal
injection of lead chloride three days earlier.

The above studies clearly demonstrate that acute or chronic administration of lead by
injection stimulates renal nucleic acid and protein synthesis in kidneys of rats and mice.
The relationship between this proliferative response and formation of intranuclear inclusion
bodies is currently unknown; nor is the basic mechanism underlying this response and the
formation of renal adenomas in rats and mice following chronic lead exposure understood.

12-187



12.5.6.5 Lead Effects on the Renin-Angiotension System. A study by Mouw et al. (1978) used
dogs given a single intravenous injection of lead acetate at doses of 0.6 or 3.0 mg/kg and
observed over a 4-hour period. Subjects showed a small but significant decrease in plasma
renin activity (PRA) at 1 hour, followed by a large and significant (p <0.05) increase from
2.5 to 4.0 hours. Follow-up work (Goldman et al., 1981) using dogs given a single intravenous
injection of lead acetate at 3.0 mg/kg showed changes in the renin-angiotensin system over
a 3-hour period. The data demonstrated an increase in PRA, but increased renin secretion oc-
curred in only three of nine animals. Hepatic extraction of renin was virtually eliminated in
all animals, thus providing an explanation for the increased blood levels of renin. Despite
the large observed increases in PRA, blood levels of angiotensin II (All) did not increase
after lead treatment. This suggests that lead inhibited the All converting enzyme.

Exposure of rats to drinking water containing 0.5 mg Pb/ml for three weeks to five months
(Fleischer et al., 1980) produced an elevation of PRA after six weeks of exposure in those
rats on a sodium-free diet. No change in plasma renin substrate (PRS) was observed. At five
months, PRA was significantly higher in the lead-treated group on a 1-percent sodium chloride
diet, but the previous difference in renin levels between animals on an extremely low-sodium
(1 meq) versus 1-percent sodium diet had disappeared. The lead-treated animals had a reduced
ability to decrease sodium excretion following removal of sodium from the diet.

Victery et al. (1982a) exposed rats to lead J_n utero and to drinking water solution con-
taining 0, 100, or 500 ppm lead as lead acetate for six months. Male rats on the 100 ppm lead
dose became significantly hypertensive at 3.5 months and remained in that state until termi-
nation of the experiment at six months. All female rats remained normotensive as did males at
the 500-ppm dose level. PRA was found to be significantly reduced in the 100-ppm treatment
males and normal in the 500-ppm treatment groups of both males and females. Dose-dependent
decreases in AII/PRA ratios and renal renin content were also observed. Pulmonary All con-
verting enzyme was not significantly altered. It was concluded that, since the observed
hypertension in the 100-ppm group of males was actually associated with reduction of PRA and
All, the renin-angiotensin system was probably not directly involved in this effect.

Webb et al. (1981) examined the vascular responsiveness of helical strips of tail
arteries in rats exposed to drinking water containing 100 ppm lead for seven months. These
investigators found that the mild hypertension associated with this regimen was associated
with increased vascular responsiveness to cradrenergic agonists.

Male rats exposed to lead in utero and prior to weaning indirectly by their dams' drink-
ing water containing 0, 5, or 25 ppm lead as lead acetate, followed by direct exposure at the
same levels for five months (Victery et al., 1982b), showed no change in systolic blood pres-
sure. Rats exposed to the 25 ppm dose showed a significant (p <0.05) decrease in basal PRA.
Stimulation of renin release by administration of polyethylene glycol showed a significant
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increase in PRA but low All values. These yielded a significant (p <0.001) decrease in the
AII/PRA ratio. Basal renal renin concentrations were found to be significantly reduced in
both the 5 ppm (p <0.05) and 25 ppm (p <0.01) dose groups relative to controls.

Victery et al. (1983) exposed rats j_n utero to lead by maternal administration of 0, 5,
25, 100, or 500 ppm lead as lead acetate. The animals were continued on their respective dose
levels through one month of age. All exposure groups had PRA values significantly (p <0.05)
elevated relative to controls. Renal renin concentration was found to be similar to controls
in the 5 and 25 ppm groups but significantly increased (p <0.05) in the 100 and 500 ppm
groups. The plasma AII/PRA ratio was similar to controls in the 100 ppm group but was signi-
ficantly reduced (p <0.05) in the 500 ppm group.

It appears from the above studies that lead exposure at even low dose levels is capable
of producing marked changes in the renin-angiotension system and that the direction and mag-
nitude of these changes is mediated by a number of factors, including dose level, age, and sex
of the species tested, as well as dietary sodium content. Lead also appears capable of
directly altering vascular responsiveness to cradrenergic agents. The mild hypertension ob-
served with chronic low-level lead exposure appears to stem in part from this effect and not
from changes in the renin-angiotensin system. (See also Section 12.9.1 and the Addendum to
this document for a discussion of other work on the hypertensive effects of lead.)
12.5.6.6 Lead Effects on Uric Acid Metabolism. A report by Mahaffey et al. (1981) on rats
exposed concurrently to lead, cadmium, and arsenic alone or in combination found significantly
(p <0.05) increased serum concentrations of uric acid in the lead-only group. While the bio-
chemical mechanism of this effect is not clear, these data support certain observations in
humans concerning hyperuricemia as a result of lead exposure (see Section 12.5.3) and, also,
confirm an earlier report by Goyer (1971) showing increased serum uric acid concentration in
rats exposed to 1 percent lead acetate in drinking water for 84 weeks.
12.5.6.7 Lead Effects on Kidney Vitamin D Metabolism. Smith et al. (1981) fed rats vitamin
D-deficient diets containing either low or normal calcium or phosphate for two weeks. The
animals were subsequently given the same diets supplemented with 0.82 percent lead as lead
acetate. Ingestion of lead at this dose level significantly reduced plasma levels of 1,25
dihydrocholecalciferol in cholecalciferol-treated rats and in rats fed either a low phospho-
rous or low calcium diet while it had no effect in rats fed either a high calcium or normal
phosphorous diet. These data suggest decreased production of 1,25-dihydrocholecalciferol in
the kidney in response to lead exposure in concert with dietary deficiencies. These and
other data concerning lead effects on Vitamin-D metabolism were earlier discussed in detail
in Section 12.3.
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12.5.7 General Summary: Comparison of Lead's Effects on Kidneys in Humans and Animal Models
It has been known for more than a century that kidney disease can result from lead

poisoning. Identifying the contributing causes and mechanisms of lead-induced nephropathy has
been difficult, however, in part because of the complexities of human exposure to lead and
other nephrotoxic agents. Nevertheless, it is possible to estimate at least roughly the range
of lead exposure associated with detectable renal dysfunction in both human adults and
children. Numerous studies of occupationally exposed workers have provided evidence for lead-
induced chronic nephropathy being associated with blood lead levels ranging from 40 to more
than 100 ug/dl, and some are suggestive of renal effects possibly occurring even at levels as
low as 30 pg/dl. In children, the relatively sparse evidence available points to the manifes-
tation of renal dysfunction only at quite high blood lead levels (usually exceeding 120
|jg/dl). The current lack of evidence for renal dysfunction at lower blood lead levels in
children may simply reflect the greater clinical concern with neurotoxic effects of lead in-
toxication in children. The persistence of lead-induced renal dysfunction in children also
remains to be more fully investigated, although a few studies indicate that children diagnosed
as being acutely lead poisoned experience lead nephropathy effects lasting throughout adult-
hood.

Parallel results from experimental animal studies reinforce the findings in humans and
help illuminate the mechanisms underlying such effects. For example, a number of transient
effects in human and animal renal function are consistent with experimental findings of rever-
sible lesions such as nuclear inclusion bodies, cytomegaly, swollen mitochondria, and
increased numbers of iron-containing lysosomes in proximal tubule cells. Irreversible lesions
such as interstitial fibrosis are also well documented in both humans and animals following
chronic exposure to high doses of lead. Functional renal changes observed in humans have also
been confirmed in animal model systems with respect to increased excretion of amino acids and
elevated serum urea nitrogen and uric acid concentrations. The inhibitory effects of lead
exposure on renal blood flow and glomerular filtration rate are currently less clear in exper-*
imental model systems; further research is needed to clarify the effects of lead on these
functional parameters in animals. Similarly, while lead-induced perturbation of the renin-
angiotensin system has been demonstrated in experimental animal models, further research is
needed to clarify the exact relationships among lead exposure (particularly chronic low-level
exposure), alteration of the renin-angiotensin system, and hypertension in both humans and
animals.

On the biochemical level, it appears that lead exposure produces changes at a number of
sites. Inhibition of membrane marker enzymes, decreased mitochondrial respiratory function/
cellular energy production, inhibition of renal heme biosynthesis, and altered nucleic acid
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synthesis are the most marked changes to have been reported. The extent to which these mito-
chondria! alterations occur is probably mediated in part by the intracellular bioavailability
of lead, which is determined by its binding to high affinity kidney cytosolic proteins and
deposition within intranuclear inclusion bodies.

Among the questions remaining to be answered more definitively about the effects of lead
on the kidneys is the lowest blood lead level at which renal effects occur. In this regard it
should be noted that recent studies in humans have indicated that the EDTA lead-mobilization
test is the most reliable technique for detecting persons at risk for chronic nephropathy;
blood lead measurements are a less satisfactory indicator because they may not accurately
reflect cumulative absorption some time after exposure to lead has terminated. Other ques-
tions include the following: Can a distinctive lead-induced renal lesion be identified either
in functional or histologic terms? What biologic measurements are most reliable for the pre-
diction of lead-induced nephropathy? What is the incidence of lead nephropathy in the general
population as well as among specifically defined subgroups with varying exposure? What is the
natural history of treated and untreated lead nephropathy? What is the mechanism of lead-
induced hypertension and renal injury? What are the contributions of.environmental and genet-
ic factors to the appearance of renal injury due to lead? Conversely, the most difficult
question of all may well be to determine the contribution of low levels of lead exposure to
renal disease of non-lead etiologies.
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12.6 EFFECTS OF LEAD ON REPRODUCTION AND DEVELOPMENT
Studies of humans and animals indicate that lead may exert gametotoxic, embryotoxic, and

teratogenic effects that could influence the survival and development of the fetus and new-
born. It appears that prenatal viability and development may also be indirectly affected by
lead through its effects on the health of the expectant mother. The vulnerability of the con-
ceptus to such effects has contributed to concern that the unborn may constitute a group at
risk for the effects of lead on health. Also, certain information regarding male reproductive
functions has led to concern regarding the impact of lead on men.

12.6.1 Human Studies
12.6.1.1 Historical Evidence. Findings suggesting that lead exerts adverse effects on human
reproductive functions have existed in the literature since before the turn of the century.
For example, Paul (1860) observed that severely lead-poisoned pregnant women were likely to
abort, while those less severely intoxicated were more likely to deliver stillborn infants.
Legge (1901), in summarizing the reports of 11 English factory inspectors, found that of 212
pregnancies in 77 female lead workers, only 61 viable children were produced. Fifteen workers
never became pregnant; 21 stillbirths and 90 miscarriages.occurred. Of 101 children born, 40
died in the first year. Legge also noted that when lead was fed to pregnant animals, they
typically aborted. He concluded that maternal exposure to lead resulted in a direct action of
the element on the fetus.

Four years later, Hall and Cantab (1905) discussed the increasing use of lead in nostrums
sold as abortifacients in Britain. Nine previous reports of the use of diachylon ("lead plas-
ter") in attempts to cause miscarriage were cited, along with 30 further cases of known or
apparent use of lead in attempts to terminate real or suspected pregnancy. Of 22 cases de-
scribed in detail, 12 resulted in miscarriage and all 12 exhibited marked signs of plumbism,
including a blue gum line. In eight of these cases, the women were known to have attempted tc
induce abortion. Hall and Cantab's report was soon followed by those of Cadman (1905) anc
Eales (1905), who described three more women who miscarried following consumption of lead-
containing pills.

Oliver (1911) then published statistics on the effect of lead on pregnancy in Britain
(Table 12-13). These figures showed that the miscarriage rate was elevated among women em-
ployed in industries in which they were exposed to lead. Lead compounds were said by Taussig
(1936) to be known for their embryotoxic properties and their use to induce abortion. In a
more recent study by Lane (1949), women exposed to air lead levels of 750 ug/m3 were examined
for effects on reproduction. Longitudinal data on 15 pregnancies indicated an increase in the
number of stillbirths and abortions. No data were given on urinary lead in these women, but
men in this sample had urinary levels of 75-100 ug/liter.
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TABLE 12-13. STATISTICS ON THE EFFECT OF LEAD ON PREGNANCY

Number of Number of
abortions and neonatal deaths

stillbirths per (first year) per
Sample 1000 females 1000 females

Housewives 43.2 150
Female workers (mill work) 47.6 214
Females exposed to lead premaritally 86.0 ' 157
Females exposed to lead after marriage 133.5 271

Source: Oliver (1911).

The above studies clearly indicate an adverse effect of lead at high levels on human re-
productive functions, particularly miscarriages and stillbirths, when women are exposed to
lead during pregnancy. Although the mechanisms underlying these effects are unknown at this
time, many factors could contribute to such results. These factors range from indirect
effects of lead on maternal nutrition or hormonal state before or during pregnancy to more
direct gametotoxic, embryotoxic, fetotoxic, or teratogenic effects that could affect parental
fertility or offspring viability during gestation. Pregnancy is a stress that may place a
woman at higher risk for lead toxicity, because both iron deficiency and calcium deficiency
increase susceptibility to lead, and women have an increased risk of both deficiencies during
pregnancy and postparturition (Rom, 1976).

Early studies from the turn of the century generally suffer from methodological inadequa-
cies. They must be mentioned, however, because they provide evidence that effects of lead on
reproduction occurred at times when women were exposed to Wgh levels of lead. Nevertheless,
evidence for adverse reproductive outcomes in women with obvious lead poisoning is of little
help in defining the effects of lead at much lower exposure levels. Efforts have been made to
define more precisely the points at which lead may affect reproductive functions in both the
human female and male, as well as in animals, as reviewed below.
12.6.1.2 Effects of Lead Exposure on Reproduction
12.6.1.2.1 Effects associated with exposure of women to lead. Since the time of the above
reports, women have been largely, though not entirely (Khera et al., 1980), excluded from oc-
cupational exposure to lead; also, lead is no longer used to induce abortion. Thus, little
new information is available on reproductive effects of chronic exposure of women to lead.
Various reports (Pearl and Boxt, 1980; Qazi et al., 1980; Timpo et al., 1979; Singh et al.,
1978; Angle and Mclntire, 1964) suggest that relatively high prenatal lead exposures do not
invariably result in abortion or in major problems readily detectable in the first few years
of life.
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These findings are based on only a few case histories, however, and are obviously not an ade-
quate sample. The data are confounded by numerous variables, and longer follow-ups are
needed.

In a sample population exposed to lead as well as other toxic agents from the Rb'nnskar
smelter in Sweden, Nordstrom et al. (1978b) found an increased frequency of spontaneous
abortions among women living closest to the smelter. In addition to the exposure to multiple
environmental toxins, however, the study was confounded by failure to match exposed and
control populations for socioeconomic status, which could also bear upon the women's health.
A further study by the same authors (Nordstrom et al., 1979a) determined that female workers
at the Ronnskar smelter had an increased frequency of spontaneous miscarriage when the mother
was employed by the smelter during pregnancy or had been so employed prior to pregnancy and
sti l l lived near the smelter. Also, women who worked in more highly polluted areas of the
smelter were more likely to have aborted than were other employees. This report, however,
suffers from the same deficiencies as the earlier study.

With regard to potential effects of lead on ovarian function in human females, Panova
(1972) reported a study of 140 women working in a printing plant for less than one year (1-12
months) where ambient air levels were under 7 ug Pb/m3. Using a classification of various age
groups (20-25, 26-35, and 36-40 yr) and type of ovarian cycle (normal, anovular, and disturbed
lutein phase), Panova claimed that statistically significant differences existed between the
lead-exposed and control groups in the age range 20-25 years. Panova1s report, however, does
not show the age distribution, the level of significance, or data on the specificity of her
method for classification. Zielhuis and Wibowo (1976), in a critical review of the above
study, concluded that the study design and presentation of data were such that it is difficult
to evaluate the author's conclusions. It should also be noted that no consideration was given
to the dust levels of lead, an important factor in print shops.

No other information is available for assessing the effects of lead on human ovarian
function or other factors affecting female fertility. Studies offering firm data on maternal
variables, e.g., hormonal state, that are known to affect the ability of the pregnant woman to
carry the fetus full term are also lacking.
12,6,1.2.2 Effects associated with exposure of men to lead. Lead-induced effects on male re-
productive functions have been reported in several instances. Among the earliest of these was
the review of Stb'fen (1974), who described data from the work of Neskov in the USSR involving
66 workers exposed chiefly to lead-containing gasoline (organic lead). In 58 men there was a
decrease or disappearance of erection, in 41 there was early ejaculation, and in 44 there was
a diminished number of spermatocytes. These results were confounded, however, by the presence
of the other constituents of gasoline.
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Lancranjan et al. (1975) reported lead-related interference with male reproductive func-
tions. A group of 150 workmen who had long-term exposure to lead in varying degrees was
studied. Clinical and toxicological criteria were used to categorize the men into four
groups: lead-poisoned workmen (mean blood lead level = 74.5 ug/dl) and those showing moderate
(52.8 ug/dl), slight (41 ug/dl), or "physiologic" (23 ug/dl) exposure to lead. Moderately
increased lead absorption (52.8 ug/dl) was said to result in gonadal impairment. The effects
on the testes were believed to be direct, in that tests for impaired hypothalamopituitary
influence were negative. Also, semen analysis revealed asthenospermia and hypospermia in all
groups except those with "physiologic" absorption levels, and increased teratospermia was seen
in the two highest lead exposure groups.

An apparently exposure-related increase in erectile dysfunction was also found by
Lancranjan et al. (1975). Problems with ejaculation and libido were said to be more common in
the lead-exposed groups, but the incidence of such problems did not seem to be dose-dependent.
The frequency of these problems in a control group was invariably lower than in the lead-
exposed groups, however, so the lack of a clear-cut dose-response relationship may have merely
been due to inappropriate assignment of individuals to the high, moderate, and low-exposure
groups.

The Lancranjan et al. (1975) study has been criticized by Zielhuis and Wibowo (1976), who
stated that the distributions of blood lead levels appeared to be skewed and that exposure
groups overlapped in terms of lead intake. Thus, the means for each putative exposure group
may not have been representative of the individuals within a group. It is difficult to dis-
cern, however, if the men were improperly assigned to exposure level groups, as blood lead
levels may have varied considerably on a short-term basis. Zielhuis and Wibowo also stated
that the measured urinary ALA levels were unrealistically high for individuals with the stated
blood lead levels. This suggests that if the ALA values were correct, the blood lead levels
may have been underestimated. Other deficiencies of the study include the failure to use
matched controls and the exclusion of different proportions of individuals per exposure group
for the semen analyses.

Plechaty et al. (1977) measured lead concentrations in the semen of 21 healthy men.
Semen lead levels were generally less than blood lead levels, and no correlation was found be-
tween lead content of the semen and sperm counts or blood lead levels in this small sample.

Hypothalamic-pituitary-testicular relationships were investigated by Braunstein et al.
(1978) in men occupationally exposed at a lead smelter. Six subjects had 2-11 years of expo-
sure to lead and exhibited marked symptoms of lead toxicity. All had received one or more
courses of EDTA chelation therapy. This group was referred to as "lead-poisoned" (LP). Four
men from the same smelter had no signs of lead toxicity, but had been exposed for 1-23 years
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and were designated "lead-exposed" (LE). The control (C) group consisted of nine volunteers
whose socioeconomic status was similar to the lead workers. Mean (± standard error) blood
lead levels for the LP, LE, and C groups were 38.7 (± 3), 29.0 (± 5), and 16.1 (± 1.7) ug/dl,
respectively, at the time of the study. Previously, however, the LP and LE groups had exhi-
bited values as high as 88.2 (± 4) and 80 (± 0) ug/dl, respectively. All three groups were
chelated and 24-hour urinary lead excretion values were 999 (± 141), 332 (± 17), and 225
(± 31) ug for the LP, LE, and C groups, respectively. Frequency of intercourse was signifi-
cantly less in both lead-exposed groups than in controls. Sperm concentrations in semen of
the LP and LE men ranged from normal to severely oligospermic, and one from the LP group was
unable to ejaculate. Testicular biopsies were performed on "the two most severely lead-
poisoned men," one with aspermia and one with testicular pain. Both men showed increased
peritubular fibrosis, decreased spermatogenesis, and Sertoli cell vacuolization. The two lead
groups exhibited reduced basal serum testosterone levels, but displayed a normal increase in
serum testosterone following stimulation with human chorionic gonadotrophin. A similar rise
in serum follicle-stimulating hormone was seen following treatment with clomiphene citrate or
gonadotrophin-releasing hormone, although the LP men exhibited a lower-than-expected increase
in luteinizing hormone (LH). The LE men also appeared to have a reduced LH response, but the
decrease was not significant.

The results of the Braunstein et al. (1978) study suggest that lead exposure at high
levels may result in a defect in regulation of LH secretion at the hypothalamic-pituitary
level. They also indicate a likely direct effect on the testes, resulting in oligospermia and
peritubular fibrosis. However, the number of subjects in the study was quite small, and there
is also a possibility that the observed effects were precipitated by the EDTA chelation
therapy.

More recently, Wildt et al. (1983) compared two groups of men exposed to lead in a
Swedish battery factory. The high-lead men had had blood lead levels ^50 ug/dl at least once
prior to the study, while the "controls" seldom exceeded 30 ug/dl. There were two test
periods, in the fall and the following spring. For the first test, 14 men in the high-lead
group and 23 in the control group were examined; 16-»were in each group for the second test.
Fourteen and 15 of these men from the high-lead and control groups, respectively, took part in
both tests. Blood lead values were obtained periodically over a six-month period. For the
two nigh-lead groups, blood lead values were 46.1 and 44.6 ug/dl, respectively (range: 25-75);
corresponding values for the controls were 31.1 and 21.5 ug/dl (range: 8-39). The high-lead
men tended to exhibit decreased function of the prostate and/or seminal vesicles, as measured
by seminal plasma constituents (fructose, acid phosphatase, magnesium, and zinc); however, a
significant difference was seen only in the case of zinc. More men in the high-lead than in
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the control group had low semen volumes, but the number of subjects did not allow a reliable
statistical analysis. The heads of sperm of high-lead individuals were more likely to swell
when exposed to a detergent solution, sodium dodecyl sulfate (SOS), which constituted a test
of functional maturity, but the results were still in the normal range. Conversely, th»»
leakage of lactate dehydrogenase isoenzyme X (LDH-X) was greater in control semen samples.

The values for live and motile sperm were lower in the control group. The data were
skewed, however, by the presence of some of the same men with low values in the control groups
for both sampling times. Another confounding factor was the fact that the high-lead and
control groups differed in a significant way: ten of the control men had current or past
urogenital tract infections versus none in the high-lead group, possibly explaining the inci-
dence of control samples with lowered sperm motility and viability. The observed decrease in
SDS resistance in the sperm of high-lead-group men may have been related to their apparent ab-
normal prostatic function or to an effect of lead on sperm maturation. In evaluating the
above results of Wildt et al. (1983) it must also be noted that even the "controls" had ele-
vated blood lead levels.

When Smith et al. (1983) compared blood lead levels in a sample of 80 infertile and 38
fertile men, no differences were seen between the two groups. Also, in a sample of 15 normal
and 16 vasectomized men, Butrimovitz et al. (1983) found no relationship between seminal lead
and sperm count or motility. Lead levels were relatively low (3.8 and 4.1 ug/dl in the intact
and vasectomized males, respectively), however, and such a result is not unexpected. At much
higher levels (66-139 ug/dl), five of seven lead-poisoned men examined by Cullen et al. (1984)
showed abnormal spermatogenesis, particularly oligospermia and azoospermia. Chelation therapy
produced only partial improvement in these patients.
12.6.1.3 Placenta! Transfer of Lead. The transfer of lead across the human placenta and the
consequent potential threat to the conceptus have been recognized for more than a century
(Paul, 1860). Documentation of placental transfer of lead to the fetus and data on resulting
fetal blood lead levels suggest a potential, but as yet not clearly defined, threat of subtle
embryotoxicity or other deleterious health effects.

The placental transfer of lead has been established, in part, by various studies that
have disclosed measurable quantities of lead in human fetuses or newborns, as well as off-
spring of experimental animals. The relevant data on prenatal lead absorption have been re-
viewed in Chapter 10, Section 10.2.4 of this document, and thus work dealing only with lead
levels will not be discussed further here.
12.6.1.4 Effects of Lead on the Developing Human
12.6.1.4.1 Effects of lead exposure on fetal metabolism. Prenatal exposure of the conceptus
to lead, even in the absence of overt teratogenicity, may be associated with biochemical
effects. This is suggested by studies relating fetal and cord-blood levels to changes in
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enzymes and precursors related to fetal heme synthesis. Haas et al. (1972) examined 294
mother-infant pairs for blood lead and urinary ALA levels. The maternal blood lead mean was
16.89 ug/dl, while the fetal blood lead mean was 14.98 ug/dl, with a correlation coefficient
of 0.54 (p <0.001). In the infants, blood lead levels and urinary ALA were positively cor-
related (r = 0.19, p <0.01), although the data were based on spot urines (which tends to limit
their value). The full biological significance of the elevated ALA levels is not clear, but
the positive correlation between lead in blood and urinary ALA for the group as a whole indi-
cates increased potential for impairment of heme synthesis at relatively low blood lead levels
in the fetus or. newborn infant.

Subsequently, Kuhnert et al. (1977) measured ALA-D activity and levels of erythrocyte
lead in pregnant urban women and their newborn offspring. Cord erythrocyte lead levels ranged
from 16 to 67 ug/dl of cells, with a mean of 32.9. Lead levels were inversely correlated with
ALA-D activity (r = -0.58, p <0.01), suggesting that typical urban lead exposures could affect
fetal enzyme activity. Note, however, that ALA-D activity is related to blood cell age and is
highest in the younger cells. Thus, results obtained with cord blood, with its high percen-
tage of immature cells, are not directly comparable to those obtained with adult blood. In a
later study, Lauwerys et al. (1978) found no lead-related increase in erythrocyte porphyrin
levels in 500 mothers or their offspring. They did, however, report negative correlations
between ALA-D activity and blood lead levels in both mothers and their newborns. Maternal
blood lead levels averaged 10.2 ug/dl, with a range of 3.1-31 ug/dl; corresponding values for
the newborns were 8.4 ug/dl and 2.7-27.3 ug/dl. Such results indicate that ALA-D activity may
be a more sensitive indicator of fetal lead toxicity than erythrocyte porphyrin or urinary ALA
levels.
12.6.1.4.2 Other toxic effects of intrauterine lead exposure. Fahim et al. (1976), in a
study on maternal and cord-blood lead levels, determined blood lead values in women having
preterm delivery and premature membrane rupture. Such women residing in a "lead belt" (mining
and smelting area) had significantly higher blood lead levels than women from the same area
delivering at full term. Fahim et al. (1976) also noted that among 249 pregnant women in a
control group outside the lead belt area, the percentages of women having preterm deliveries
and premature rupture were 3.0 and 0.4, respectively, whereas corresponding values for the
lead area (n = 253) were 13.04 and 16.99, respectively. A confusing aspect of this study,
however, is the similarity of blood lead levels in women from the presumptive low-lead and
lead belt areas. In fact, no evidence was presented that women in the lead belt group had ac-
tually received a greater degree of lead exposure during pregnancy than did control individ-
uals. Also, questions exist regarding analytical aspects of this study. Specifically, other
workers (e.g., see summary table in Clark, 1977) have typically found blood lead levels in
mothers and their newborn offspring to be much more similar than those of Fahim et al. (1976).
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In another study, Clark (1977) detected no effects of prenatal lead exposure in newborns
with regard to birth weight, hemoglobin, or hematocrit. He compared children born of 122
mothers living near a Zambian lead mine with 31 controls from another area. Maternal and in-
fant blood lead levels for the mine area were 41.2 (± 14.4) and 37.9 (± 15.3) ug/dl, respec-
tively. Corresponding values for control mothers and offspring were 14.7 (± 7.5) and 11.8 (±
5.6) ug/dl.

Nordstrb'm et al. (1979b) examined birth weight records for offspring of female employees
of a Swedish smelter and found decreased birth weights related to the following: (1) employ-
ment of the mothers at the smelter during pregnancy; (2) distance that the mothers lived from
the smelter; and (3) proximity of the mother's job to the actual smelting process. Similar
results were also seen for children born to mothers merely living near the smelter (Nordstrom
et al., 1978a). Nordstrom et al. (1979b) also investigated birth defects in offspring of the
female smelter workers and in populations .living at various distances from the smelter. They
concluded that the frequencies of both single and multiple malformations were increased when
the mother worked at the smelter during pregnancy.

The number of smelter workers with malformed offspring was relatively small (39 of 1291).
The incidence of children with birth defects whose mothers worked while pregnant was 5.8 per-
cent (17 of 291). Five of the six offspring with multiple malformations were in this group,
suggesting that the observed effect may have been a real one. Nevertheless, a crucial factor
in evaluating all of these results is the exposure of workers and the nearby population to a
number of toxic substances, including not only lead, but arsenic, mercury, cadmium, and sulfur
dioxide as well.

Alexander and Delves (1981) found that the mean blood lead concentrations of pregnant and
non-pregnant women living in an urban area of England were approximately 4 ug/dl higher than
those for similar groups living in a rural area. The mean concentrations for the urban and
rural pregnant women were 15.9 and 11.9 ug/dl, respectively (p <0.001), but there were no
demonstrable effects of the higher maternal blood lead levels on any aspect of perinatal
health. The rate for congenital abnormality was higher in the rural area, suggesting that
whatever the cause, it was unlikely to be related to maternal levels of lead.

Khera et al. (1980) measured placental and stillbirth tissue lead in occupationally
exposed women in the United Kingdom. Regardless of the incidence of stillbirths, placental
lead concentrations were found to increase with duration of occupational exposure, from 0.29
ug/g at <1 year exposure to 0.48 ug/g at >6 years exposure for a group of 26 women aged 20-29
years. Placental lead concentrations also increased with age of the mother, independently of
time of occupational exposure, and ranged from 0.30 (± 0.16) ug/g for those <20 years old to
0.51 (±0.44) ug/g for those ^30 years old. Average placental lead concentrations for 20 occu-
pationally exposed women whose babies were stillborn were higher [0.45 (± 0.32) ug/g] than the
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average level [0.29 (± 0.09) pg/g] for placentas from eight mothers who had not been occupa-
tional ly exposed for at least two years. The authors noted, however, that it was not possible
to say whether occupational exposure caused any of the stillbirths or whether the high lead
levels were merely consequential to the fetal death. Interpretation of this study is also
somewhat complicated by the fact that the average placental lead concentration was about one-
third that reported earlier by this group (Wibberley et al., 1977). These differences were
attributed to methodological changes and to changes in concentration during storage of placen-
tas at -20°C (Khera et al., 1980).

A study by Roels et al. (1978b) reported placental lead values of 0.08 (± 0.05) ug/g
(range = 0.01-0.40 ug/g) from a variety of locations in Belgium, but these data indicated no
correlation between lead concentration and birth weight. In contrast, placental lead has been
reported to be associated with decreased activity of a placental enzyme, steroid sulfatase
(Karp and Robertson, 1977). A similar association was found for mercury, suggesting that
either metal or both together could have affected the enzyme activity or that the authors had
merely uncovered a spurious correlation. There is also some evidence that lead levels in bone
samples from stillborn children are higher than would otherwise be expected (Khera et al.,
1980; Bryce-Smith et al., 1977), but the data are inconclusive. (See the Addendum to this
document for a discussion of more recent evidence concerning possible effects of intrauterine
lead exposure on prenatal and postnatal development in children.)
12.6.1.4.3 Paternally mediated effects of lead. There is increasing evidence that exposure
of male laboratory animals to toxic agents can result in adverse effects on their offspring,
including decreased litter size, birth weight, and survival (see Section 12.6.2.2.1). Mutage-
nic effects are the most likely cause of such results, but other mechanisms have been proposed
(Soyka and Joffe, 1980). In the following cases, exposure of human males to lead has been im-
plicated as the cause of adverse effects on the conceptus.

According to Koinuma (1926) in a brief report, 24.7 percent of workmen exposed to lead in
a storage battery plant had childless marriages, while the value for men not so exposed was
14.8 percent. Rates for miscarriages or stillbirths in wives of lead-exposed men and controls
were 8.2 and 2.8 percent, respectively, while corresponding figures for neonatal deaths were
24.2 and 19.2 percent. The comparisons were based on 170 lead-exposed and 128 control men.
These differences in fertility and prenatal mortality, while not dramatic, are suggestive of a
male-mediated lead effect; however, the reliability of the methodology used in this study can-
not be determined, due to the brevity of the report.

In a study of the pregnancies of 104 Japanese women before and after their husbands began
lead-smelter work, miscarriages increased to 8.3 percent of pregnancies from a pre-exposure
rate of 4.7 percent (Nogaki, 1957). The miscarriage rate for 75 women whose husbands were
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not occupationally exposed to lead was 5.8 percent. In addition, exposure to lead was
related to a significant increase in the ratio of male to female offspring at birth. Lead
content of paternal blood ranged from 11 to 51.7 ug/dl [mean = 25.4 (± 1.26) |jg/dl], but was
not correlated with reproductive outcome, except in the case of the male-to-female offspring
ratio. The reported blood lead levels appear low, however, in view of the occupational expo-
sure of these men, and were similar to those given for controls [mean = 22.8 (± 1.63)
ug/dl]. Also, maternal age and parity appear not to have been well controlled for in the
analysis of the data on reproductive outcome. Another report (Van Assen, 1958) on fatal birth
defects in children conceived during a period when their father was lead-poisoned (but neither
before nor after) also suggests but does not clearly demonstrate paternally-mediated effects
of lead.

In the study by Nordstrom et al. (1979b), women employed at the Rb'nnskar smelter in
Sweden were found to have higher miscarriage rates if their husbands were also employed at the
smelter. This was true only of their third or later pregnancies, however, suggesting that the
effect was related to long-term exposure of the male gametogenic stem cells. Whether this was
a lead effect or that of other toxins from the smelter is not clear.
12.6.1.5 Summary of the Human Data. The literature on the effects of lead on human reproduc-
tion and development leaves little doubt that lead can, at high exposure levels, exert signi-
ficant adverse health effects on reproductive functions. Most studies, however, only examined
the effects of prolonged moderate to high exposure to lead, such as that encountered in indus-
trial situations, and many reports do not provide definite information on exposure levels or
blood lead levels at which specific effects were observed. Also, the human data were largely
derived from studies involving relatively small numbers of individuals and therefore do not
allow for discriminating statistical analysis. These reports are often additionally confound-
ed by the failure to include appropriate controls and, in some cases, by the presence of addi-
tional toxic agents or disease states. These and other factors obviously make interpretation
of the data difficult. Based on the Lancranjan et al. (1975) and Wildt et al. (1983) studies,
it appears possible that effects on sperm or the testis may result from chronic exposure at
blood lead values of 40-50 ug/dl, but additional data are greatly needed. Exposure data
related to reproductive functions in the female are so lacking that even a rough estimate is
impossible. Data on maternal exposure levels at which effects may be seen in human fetuses or
infants are also quite meager or equivocal. However, the results of Haas et al. (1972),
Kuhnert et al. (1977), and Lauwerys et al. (1978) suggest possible perinatal effects on heme
metabolism at maternal blood levels considerably below 30 ug/dl. [More recent studies dealing
with the effects of relatively low-level lead exposure on development both prenatally (e.g.,
congenital anomalies, birth weight, gestational age) and postnatally (e.g., infant mental
development, child stature) are reviewed in an Addendum to this document.]
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12.6.2 Animal Studies
12.6.2.1 Effects of Lead on Reproduction
12.6.2.1.1 Effects of lead on male reproductive functions. Among the first investigators to
report infertility in male animals due to lead exposure were Puhac et al. (1963), who exposed
rats to lead via their diet. Ability to sire offspring returned, however, 45 days after ces-
sation of treatment. More recently, Varma et al. (1974) gave a solution of lead subacetate in
drinking water to male Swiss mice for four weeks (mean total intake of lead = 1.65 g). The
fertility of treated males was reduced by 50 percent. Varma and coworkers calculated the
mutagenicity index (number of early fetal deaths/total implants) to be 10.4 for lead-treated
mice versus 2.98 for controls (p <0.05). The major differences in fecundity appeared to have
been due to differing pregnancy rates, however, rather than prenatal mortality. Impairment of
male fertility by lead rather than lead-induced mutagenicity was thus likely to have been the
primary toxic effect observed. Additionally, it has been suggested by Leonard et al. (1973),
that effects seen following administration of lead acetate in water may be due to resulting
acidity, rather than to lead. Also, Eyden et al. (1978) found no decrease in fertility of
male mice fed 0.1 percent lead acetate in the diet for 64 weeks.

Several animal studies have found lead-associated damage to the testes or prostate,
generally at relatively high doses. Golubovich et al. (1968) found a decrease in normal sper-
matogonia in the testes of rats gavaged for 20 days with lead (2 mg/kg per day). Desquamation
of the germinal epithelium of the seminiferous tubules was also increased, as were degenera-
ting spermatogonia. Hilderbrand et al. (1973) also noted testicular damage in male rats given
oral lead (100 ug/day for 30 days). Egorova (cited in Stofen, 1974) injected lead at a dose
of 2 ug/kg six times over a ten-day period and reported testicular damage.

Ivanova-Chemishanska et al. (1980) investigated the effect of lead on male rats adminis-
tered 0.0001 or 0.01 percent solutions of lead acetate over a four-month period. The authors
reported that changes in enzymatic activity and in levels of disulfide and ATP were observed
in testicular homogenates. No histopathological changes in testicular tissue were found, but
the fertility index for treated males was decreased. »Offspring of those males exhibited post-
partum "failure to thrive" and stunted growth. Such data suggest biological effects due to
chronic lead exposure of the male, but the study is difficult to evaluate due to limited in-
formation on the experimental methods, particularly the dose levels actually received.

In a more recent study of lead's effects on the male reproductive tract, Chowdhury et al.
(1984) found testicular atropy along with cellular degeneration in rats exposed to lead ace-
tate in water at 1 g/1 for 60 days. Blood lead level at that exposure averaged 142.6 ug/dl.
At a lower exposure level yielding a blood lead concentration of 71.7 ug/dl, seminiferous
tubular diameter was singificantly reduced, as was spermatid count. No significant changes
were seen at a blood lead level of 54.0 ug/dl.
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Non-rodent species have also been investigated. No histopathological changes were seen
during an examination of the testes of rabbits (Willems et al., 1982). Five males per group
were dosed subcutaneously with up to 0.5 mg/kg lead acetate three times weekly for 14 weeks.
Blood lead levels at termination of treatment were 6.6 and 61.5 ug/dl for control and high-
dose rabbits, respectively.

Lead-related effects on spermatozoa have also been reported. For example, Stowe et al.
(1973) described the results of a low-calcium and phosphate diet containing 100 ppm lead (as
acetate) fed to. dogs from 6 to 18 weeks of age. This dose resulted in a number of signs of
toxicity, including spermatogonia with hydropic degeneration. In a study by Maisin et al.
(1975), male mice received up to 1 percent lead in the diet, and the percentage of abnormal
spermatozoa increased with increasing lead exposure. Eyden et al. (1978) also fed 1 percent
lead acetate in the diet to male mice. By the eighth week, abnormal sperm had increased;
however, the affected mice showed weight loss and other signs of general toxicity. Thus, the
effect on spermatogenesis was not indicative of differential sensitivity of the gonad to lead.

Krasovskii et al. (1979) observed declines in motility, duration of motility, and osmotic
stability of sperm from rats given 0.05 mg/kg lead orally for 20-30 days. Damage to gonadal
blood vessels and to Leydig cells was also seen. Rats treated for 6-12 months exhibited ab-
normal sperm morphology and decreased spermatogenesis. In the report of Will ems et al. (1982)
described above, however, no effects on sperm count or morphology were seen in rabbits.

Lead acetate effects on sperm morphology were also tested in mice given about one six-
teenth to one half an LDgo dose by i.p. injection on five consecutive days (Bruce and Heddle,
1979; Wyrobek and Bruce, 1978; Heddle and Bruce, 1977). The two lowest doses (apparently 100
and 250 mg/kg) resulted in only a modest increase in morphologically abnormal sperm 35 days
after treatment, but the 500 or 900 mg/kg doses resulted in up to 21 percent abnormal sperm.

That lead could directly affect developing sperm or their cellular precursors is made
more plausible by the data of Timm and Schulz (1966), who found lead in the seminiferous
tubules of rats and in their sperm. The mechanisms for lead's effects on the male gonad or
gamete are unknown, although Golubovich et al. (1968) found altered RNA levels in the testes
of lead-exposed rats. They suggested that testicular damage was related to diminished riboso-
mal activity and inhibition of protein synthesis. As noted above, Ivanova-Chemishanska et al.
(1980) observed biochemical changes in testes of lead-treated mice. Nevertheless, such obser-
vations are only initial attempts to determine a mechanism for the observed effects of lead.
A more likely mechanism for such effects on the testes may be found in the work of Donovan et
al. (1980), who found that lead inhibited androgen binding by the cytosolic receptors of mouse
prostate. This could provide a mechanism for the observation of Khare et al. (1978), who
found that injection of lead acetate into the rat prostate resulted in decreased prostatic
weight; no such changes were seen in other accessory sex glands or in the testes.
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Effects on hormonal production or on hormone receptors could also explain the results of
Maker et al. (1975), who observed a delay in testicular development and an increase in age of
first mating in male mice of two strains whose dams were given 0.08 percent lead (C57B1/6J) or
0.5 percent lead (Swiss-Webster albino) during pregnancy and lactation. The weanling males
were fed these same doses in their diets through 60 days of age.

In attempts to further examine the possible mechanisms of effects on the male, Wiebe et
al. (1982) treated rats with lead acetate injected s.c. from gestation day 9 every 3-4 days
throughout pregnancy and for the first 2-3 weeks of lactation. Testes from the two- to three-
week-old male offspring of treated mothers had normal weights and seminiferous tubule diame-
ters, but yielded testicular homogenates with decreased ability to convert progesterone to a
variety of metabolites. Such results, in addition to direct enzyme assays, showed decreased
activities of 3cr, 3B-, and 20crhydroxysteroid oxidoreductases and of the Scrreductase and
Ci7-2o~lyase enzymes. Receptor binding of FSH was also significantly reduced. More recently,
Wiebe et al. (1983) compared Sertoli cells isolated from prepubertal rats and cultured in the
presence of either the acetate salts of lead or sodium (2.64 x 10~ M). After 24 hours, lead
exposure was associated with a 10-20 percent decrease in FSH binding and in the production of
cyclic AMP; at 96 hours, the decrease was 75 percent. Sixteen-day-old rats were more sensi-
tive than those 20 days of age and exhibited a 97 percent decrease in FSH-induced cyclic AMP
by 144 hours of lead exposure. The ability of Sertoli cells to metabolize progesterone and
their steroidogenic response to FSH was also inhibited by 48-hour lead exposure. Activity of
cellular 3B-hydroxysteroid dehydrogenase was decreased after lead exposure in Sertoli cells
and j_n vitro in the presence of PbCl2 in the assay buffer. These results support the concept
that lead may directly affect testicular enzymes or may act indirectly by a reduction in
testicular binding of FSH and production of cyclic AMP.

Another potential mechanism underlying lead's effects on sperm involves its affinity for
sulfhydryl groups. Mammalian sperm possess high concentrations of sulfhydryls believed to be
involved in the maintenance of motility and maturation via regulation of stability in sperm
heads and tails (Bedford and Calvin, 1974; Calvin and Bedford, 1971). It has also been found
that blockage of membrane thiols inhibits sperm maturation (Reyes et al., 1976).
12.6.2.1.2 Effects associated with exposure of females to lead. Numerous studies have
focused on lead exposure effects in females. For example, effects of lead on reproductive
functions of female rats were studied by Hilderbrand et al. (1973), using animals given lead
acetate orally at doses of 5 or 100 ug for 30 days. Control rats of both sexes had the same
blood lead levels. Blood lead levels of treated females were higher than those of similarly
treated males: 30 versus 19 ug/dl at the low dose, and 53 versus 30 ug/dl at the high dose.
The females exhibited irregular estrous cycles at both doses. When blood lead levels reached
50 (jg/dl, they developed ovarian follicular cysts, with reductions in numbers of corporalutea.
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In a subsequent study (Der et al., 1974), lead acetate (100 pg lead per day) was injected
subcutaneously for 40 days in weanling female rats. Treated rats received a low-protein
(4 percent) or adequate-protein (20 percent) diet; controls were given the same diets without
lead. Females on the low-protein, high-lead diet did not display vaginal opening during the
treatment period and their ovaries decreased in weight. No estrous cycles were observed in
animals from either low-protein group; those of the adequate diet controls were normal, while
those of the rats given adequate protein plus lead were irregular in length. Endometrial pro-
liferation was also inhibited by lead treatment. Blood lead levels were 23 ug/dl in the two
control groups, while values for the adequate- and low-protein lead-treated groups were 61 and
1086 ug/dl, respectively. The reports of Hilderbrand et al. (1973) and Der et al. (1974)
suggest that lead chronically administered in high doses can interfere with sexual development
in rats and the body burden of lead is greatly increased by protein deprivation.

Maker et al. (1975) noted a delay in age at first conception in female mice of two
strains exposed to 0.08 percent (C57B1/6J) or 0.5 percent lead (Swiss-Webster) indirectly via
the maternal diet (while in utero and nursing) and directly up to 60 days of age. These
females were retarded in growth and tended to conceive only after reaching weights approxi-
mating those at which untreated mice normally first conceive. Litters from females that had
themselves been developmentally exposed to at least 0.5 percent lead had lower survival rates
and retarded development. More recently, Grant et al. (1980) reported delayed vaginal opening
in rats whose mothers were given 25, 50, or 250 ppm lead (as lead acetate) in their drinking
water during gestation and lactation followed by equivalent exposure of the offspring after
weaning. The vaginal opening delays in the 25-ppm females occurred in the absence of any
growth retardation or other developmental delays and were .associated with median blood lead
levels of 18-29 ug/dl.

Although most animal studies have used rodents, Vermande-Van Eck and Meigs (1960) admin-
istered lead chloride intravenously to female rhesus monkeys. The monkeys were given 10
mg/week for four weeks and 20 mg/week for the next seven months. Lead treatment resulted in
cessation of menstruation, loss of color of the "sex skin" (presumably due to decreased
estrogen production), and pathological changes in the ovaries. One to five months after lead
treatment ceased, menstrual periods resumed, the sex skin returned to a normal color, and the
ovaries regained their normal appearance. Thus, there was an apparent reversal of these
effects on female reproductive functions, although there were no confirmatory tests of
ferti1ity.

The above studies indicate that pre- and/or postnatal exposure of female animals to lead
can affect pubertal progression and hypothalamic-pituitary-ovarian-uterine functions. The
observations of delayed vaginal opening may reflect delayed ovarian estrogen secretion due to
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toxicity to the ovary, hypothalamus, or pituitary. One study has demonstrated decreased
levels of circulating follicle-stimulating hormone (Petrusz et al., 1979), and others discus-
sed previously have shown lead-induced ovarian atrophy (Stowe and Goyer, 1971; Vermande-Van
Eck and Meigs, 1960), again suggesting toxicity involving the hypothalamic-pituitary-ovarian-
endometrial axis.
12.6.2.2 Effects of Lead on the Offspring. This section discusses developmental studies of
animals whose parents (one or both) were exposed to lead. Possible male-mediated effects as
well as effects of exposure during gestation are reviewed. Results obtained for offspring of
females given lead following implantation or throughout pregnancy are summarized in Tables
12-14 and 12-15.
12.6.2.2.1 Male-mediated effects. A few studies have focused on male-mediated lead effects
on the offspring and have suggested that paternally transmitted effects of lead may cause re-
ductions in litter size, offspring weight, and survival rate.

Cole and Bachhuber (1915), using rabbits, were the first to report paternal effects of
lead intoxication. In their study, the litters of dams sired by lead-intoxicated male rabbits
were smaller than those sired by controls. Weller (1915) similarly demonstrated reduced birth
weights and survival among offspring of lead-exposed male guinea pigs.

Offspring of lead-treated males from the Ivanova-Chemishanska et al. (1980) study de-
scribed above were affected in a variety of ways, e.g., they exhibited "failure to thrive" and
lower weights than did control progeny at one and three weeks postpartum. These results are
difficult to interpret, however, without more specific information on the experimental methods
and dosing procedures.
12.6.2.2.2 Results of lead exposure of both parents. Only a few studies have assessed the
effects of lead exposure of both parents on reproduction. Schroeder and Mitchener (1971)
found a reduction in the number of offspring of rats and mice given drinking water containing
25 ppm lead. According to the data of Schroeder et al. (1970), however, animals in the 1971
study may have been chromium-deficient, and the Schroeder and Mitchener (1971) results are in
marked contrast to those of an earlier study by Morris et al. (1938), who reported no signifi-
cant reduction in weaning percentage among offspring of rats fed 512 ppm lead.

[n another study, Stowe and Goyer (1971) assessed the relative paternal and maternal
effects of lead as measured by effects on the progeny of lead-intoxicated rats. Fe»ale rats
fed diets with or without 1 percent lead were mated with normal males. The pregnant rats were
continued on their respective rations with or without lead throughout gestation and lactation.
Offspring of these matings, the Fx generation, were fed the rations of their dams and were
mated in combinations as follows: control female to control male (CF-CM), control female to
lead-intoxicated male (CF-PbM), lead-intoxicated female to control male (PbF-CW), and lead-
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TABLE 12-14. EFFECTS OF PRENATAL EXPOSURE TO LEAD ON THE OFFSPRING OF LABORATORY AND DOMESTIC ANIMALS:
STUDIES USING ORAL OR INHALATION ROUTES OF EXPOSURE

IX)i
rv>
o

Treatment
Species Test agent Dose and Mode

Rat Lead acetate 512 ppm in diet

10,000 ppM in diet

39 Mg/kg/day, po
390 Mg/kg/day, po

255-478 Mg/kg/day in
water

31.9-319 ppM In water

50-250 ppM in water
25 ppM in water
0.5-5 ppM in water

5 or 50 ppm in water

31.9-47.8 Mg/kg/day. po
63.7 Mg/kg/day, po

150 Mg/kg/day, po
500 ppM in water

5 ppM in water

5-500 ppM in water

Tetraethyl lead 1.6-3.2 Mg/kg/day, po

0.064 Mg/kg/day, po
0.64 Mg/kg/day, po
6.4 Mg/kg/day, po

Tetramethyl lead 10-28.7 Mg/kg/day, po

Trimethyl lead 3.6-7.2 Mg/kg/day, po
chloride

Lead nitrate 1 ppm in water
10 ppM in water

Lead (aerosol) 1 or 3 Mg/M3, inhaled
10 mg/M3, inhaled

TiMingc

all

all

6-16
6-8

all, LAC

all

all, LAC
all, LAC
all, LAC

all. LAC

all
all

6-18

1-18 or 1-21

1-18 or 1-21

all, LAC

9-11 or 12-14

6-16
6-16
6-8

9-11 or 12-14

9-11 or 12-14

all
all

1-21
1-21

Effect on the offspring9

Mortality Fetotoxicity Malformation
- - 7

«• + ?

* + -

7 +d 7

±C

±

*

- * -

+

•f

-

-

t +

: : i
± ++
- 7

+
f.g ?

? -f ?
•I +n 7

Reference

Morris et al. (1938)

Stowe and Coyer (1971)

Kennedy et al. (1975)

Murray et al. (1978)

Dilts and Ahokas (1979, 1980)

Kimmel et al. (1980)

Herman et al. (1981)

Miller et al. (1982)

Wardell et al. (1982)

Hayashi (1983a)

Hay ash i (19836)

Victory et al. (1983)

McClain and Becker (1972)

Kennedy et al. (1975)

McClain and Becker (1972)

Hubermont et al. (1976)

Prigge and Greve (1977)



TABLE 12-14. (continued)

ooo

Species

House

Sheep

a* = present;
Dnco AC alaau

Treatment
Test agent Dose and mode

Lead acetate 3,185 ppm in diet

780-1.593 ppm in diet
3,185 ppm in diet

1,593-6,370 ppm in diet

1,595-3.185 ppm in diet

39 Mg/kg/day, po
390 Mg/kg/day, po

0.1-1.0 g/1 in water

637-3.185 ppM in diet

1,593 ppM in diet
3.185 ppM in diet
1,250 ppm in diet
3,185 ppM In diet
1.250 ppM in diet
2,500-5.000 ppm

in diet
1,250 ppM in diet
1,000 ppM in diet

Tetraethyl lead 0.06 Mg/kg/day, po
•4.64 Mg/kg/day, po
6.4 Mg/kg/day, po

Lead powder 0.5-16.mg/kg/day, in
diet1

- = effect not seen; t = ambiguous effect; ? =
»ntal loarl* nn = nor- nc fnauana^

Effect on the offspring3

Timing0 Mortality Fetotoxicity Malformation

1-7 * ± N/A

1-16,17. or 18 ? + JO . ?
1-16.17, or 18 ? +r>l'J ?

1-15,16, or 17 ? +k ?

7-16,17. or 18 ? +1 ?

5-15
5-7 + +

all - ? ?

1-18 + ? ?

1-16.17, or 18 +
1-16,17, or 18 + +
all - » -
1-16,17. or 18 + *
all - ' +
all * +

all +
all, LAC

6-16
6-16 + +
6-8 + *

all + ?

effect not examined or insufficient data.

Reference

Jacquet (1977)

Jacquet et al. (1977b)

Gerber and Maes (1978)

Gerber et al. (1978)

Kennedy et al. (1975)

Leonard et al. (1973)

Maisin et al. (1975)

Jacquet et al. (1975)

Jacquet (1976)

Talcott and Koller (1983)

Kennedy et al. (1975)

Sharma and Buck (1976)

Specific gestation days when exposed; LAC = also during lactation.
Decreased numbers of dendritic spines and malformed spines at day 30 postpartum.

eLitter size values for high-dose group suggestive of an effect.
ALA-D activity was decreased.

9Free tissue porphyrins increased in kidneys.
Hematocrit was decreased.
Fetal porphyrins were increased, except in the low-dose fetuses assayed on gestation day 18.
^Decreased heme and fetal weight.
Incorporation of Fe into heme decreased, and growth was retarded.
Decreased placental blood flow.



TABLE 12-15. EFFECTS OF PRENATAL LEAD EXPOSURE ON OFFSPRING OF LABORATORY ANIMALS:
RESULTS OF STUDIES EMPLOYING ADMINISTRATION OF LEAD BY INJECTION

o
UD

Treatment
Species Test agent Dose and Mode

Rat Lead acetate 15.9 mg/kg, ip

Lead nitrate 31.3 mg/kg, iv
31.3 mg/kg, iv
31.3 mg/kg, iv

3.13 mg/kg, iv
15.6 Mg/kg, iv
15.6 Mg/kg, iv

unknown, iv

31.3 mg/kg, iv
15.6 mg/kg, iv

5 mg/kg, iv
25 Mg/kg, iv

Lead chloride 7.5 Mg/kg,
« •fl/kg/

Trimethyl lead 20.2 mg/kg, iv
chloride 23.8 mg/kg, iv

Mouse Lead acetate 9.56-22.3 mg/kg, ip
9.56 mg/kg, ip
22.3 mg/kg, ip
22.3 mg/kg, ip

Lead chloride 29.8 mg/kg, iv
29.8 Mg/kg, iv

TiMingC

9

8
9 or 16
10-14.
15,17

9 or 15
9
15

8 or 9

17
17

9 or 15
9 or 15

9
9

12
9,10,13. or 15

8
9
9
10 or 12

3 or 4
6

Effect on the offspring
Mortality Fetotoxicity Malformation

*

- + +
<• + *

«. 7 7

+ ? +

•f
+ •>

* * *i

±
«• +

•f
+9 +

•f +
+ - +

+ ? ?
+ N/A N/A

Reference

Zegarska et al. (1974)

McClain and Becker (1975)

Hackett et al. (1978, 1979)

Coro Antich and Amoedo Mon
(1980)

Minsker et al. (1982)

Hackett et al. (1982a,b)

Me Lei) an et al. (1974)

Jacquet and Gerber (1979)

Wide and Nilsson (1977)



TABLE 12-15. (continued)

Species

Hamster

Test agent

Lead acetate

Lead acetate or
chloride

Lead nitrate

Treatment
Dose and mode

31.9 mg/kg. iv

31.9 or 37.3 mg/kg. iv

31.3 mg/kg, iv

15.6-31.3 mg/kg, iv

31.3 mg/kg, iv

31.3 mg/kg. iv

Effect on the offspring3

Timingc

8

8

7, 8. or 9

8 or 9

8

8

Mortality

+

7

7

•f

t

•f

Fetotoxtcity Malformation

? +

7 +

7 >

? +

*

+
h

Reference

Fem (1969)

Perm and Carpenter (1967)

Ferm and Carpenter (1967)

Perm and Ferm (1971)

Carpenter and Ferm (1977)

Gale (1978)

a+ = effect present; - - effect not seen; t = anbiguous effect; ? = effect not examined or insufficient data.
Dose as elemental lead; ip = intraperitoneally; iv = intravenously.

GSpecific gestation days when exposed.
\rfith the exception of day 17.

eNo fetuses survived to be examined for *al formation.
No dosage route specified.

90nly after day 10 treatment.
Delayed ossification (fetal weights not given).

roi
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intoxicated female to lead-intoxicated male (PbF-PbM). The results of this study are shown in
Table 12-16.

The paternal effects of lead included reductions of 15 percent in the number of pups per
litter, 12 percent in mean pup birth weight, and 18 percent in pup survival rate. The mater-
nal effects of lead included reductions of 26 percent in litter size, 19 percent in pup birth
weight, and 41 percent in pup survival. The combined male and female effects of lead toxicity
resulted in reductions of 35 percent in the number of pups per litter, 29 percent in pup birth
weight, and 67 percent in pup survival to weaning. Stowe and Goyer classified the effects of
lead upon reproduction as gametotoxic, intrauterine, and extrauterine. The gametotoxic ef-
fects of lead seemed to be irreversible and had additive male and female components. Intra-
uterine effects were presumed to be due to lead uptake by the conceptus, plus gametotoxic ef-
fects. The extrauterine effects were due to the passage of lead from the dam to the nursing
pups, adding to the gametotoxic and intrauterine effects.

Leonard et al. (1973), however, found no effect on the reproductive performance of groups
of 20 pairs of mice given lead in their drinking water over a nine-month period. Lead doses
ranged from 0.1 to 1.0 g/1. A total amount of 31 g/kg was ingested at the high dose, equiva-
lent to ingestion of 2.2 kg lead by a 70-kg man over the same time period.

More recently, rats from mothers that were exposed to lead at 5 or 50 ppm or to lead plus
cadmium at concentrations of 5 ppm Pb + 0.1 ppm Cd or 50 ppm Pb + 5 ppm Cd in the drinking
water during gestation and lactation were themselves continued on the same treatments (Herman
et al., 1981). All individuals were treated during mating, with the mated females also being
treated during gestation and given a teratological examination at day 20. Other females were
allowed to litter and treatment was continued through postpartum day 21. Treatment with lead
or lead plus cadmium appeared to cause preimplantation loss. In the groups allowed to litter,
maternal weight gain, litter size, and offspring survival and weight were all said to be re-
duced in both lead groups and more severely in the Pb plus Cd groups. Eye opening was also
delayed in all groups. The value of these results is not clear, however, as no statistical
analysis was mentioned.
12.6.2.2.3 Lead effects on implantation and early development. Numerous studies have been
performed to elucidate mechanisms by which lead causes prenatal death. They suggest two
mechanisms of action for lead, one on implantation and the other (mainly at higher doses) on
fetal development. The latter is discussed primarily in Section 12.6.2.2.4.5.

Maisin et al. (1975) exposed female mice to dietary lead for 18 days after mating; the
number of both pregnancies and surviving embryos decreased. Similarly, exposure of female
mice to lead via their diet (0.125-1.0 percent) from mating to 16-18 days afterward (Jacquet,
1976; Jacquet et al., 1975) resulted in the following: decreased incidence of pregnancy and
number of corpora lutea; increased number of embryos dying after implantation at the highest
dosages; decreased body weights of surviving fetuses; and fatalities among treated dams at the
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TABLE 12-16. REPRODUCTIVE PERFORMANCE OF F! LEAD-INTOXICATED RATS (MEANS ± STANDARD ERRORS)

Type of mating

Parameter

Litters observed

Pups per litter

CF-CM

22

11.90 ± 0.40

CF-PbM

24

10.10 ± 0.50

PbF-CM

36

8.78 ± 0.30b

PbF-PbM

16

7.75 ± 0.50C

Pup birth weight, g 6.74 ±0.15 5.92±0.13C 5.44±0.13c'd 4.80 ± 0.19c>d>e

Weaned rats per litter 9.84 ± 0.50 7.04 ± 0.77° 5.41 ± 0.74C'd 2.72 ± 0.70C>d'e

Survival rate, % 89.80 ± 3.20 73.70 ± 7.90 52.60 ± 7.20 30.00 ± 8.20c'd>f

^breeding weight' * 28. 04 ± 1. 30 22.30±0.90C 19.35 ±1.00C 15. 38 ± 1.10c'd'f

Bâ hê ng* weight' % 19-09 ± 0.80 15.97 ± 0.58C 14.28±0.66C 11.58 ± 0.78c'd'f

•• g 11.54 ± 0.60 11.20 ± 0.74 11.17 ± 0 . 5 4 12.34 ± 1 . 2 4

Nonfetal gestational 3.93 ±0.38 4.83 ± 0.47 4.15 ±0.42 3.96 ±0.46
gain per fetus, g

aCF = control female; CM = control male; PbM = lead-treated male; PbF = lead-treated female.
Significantly (p <0.05) less than mean for CF-CM.
Significantly (p <0.01) less than mean for CF-CM.
Significantly (p <0.01) less than mean for CF-PbM.
Significantly (p <0.01) less than mean for PbF-CM.
Significantly (p <0.05) less than mean for PbF-CM.

Source: Stowe and Goyer (1971).



high dose. Jacquet and co-workers described effects of maternal dietary lead exposure on pre-
implantation mouse embryos (Jacquet, 1976; Jacquet et al., 1976). They found lead in the diet
to be associated with retardation of cleavage in embryos, failure of trophoblastic giant cells
to differentiate, and absence of a uterine decidual reaction. Maisin et al. (1978) also found
delayed cleavage in embryos of mice fed lead acetate prior to mating and up to 7 days after-
wards.

Giavini et al. (1980) further confirmed the ability of lead to affect the preimplantation
embryo in studies of rats transplacentally exposed to lead nitrate, and Wide and Nilsson
(1977, 1979) reported that inorganic lead had similar effects on mice. Jacquet (1978) was
able to force implantation in that species by use of high doses of progesterone, while Wide
(1980) determined that administration of estradiol-17f} and progesterone could reverse the
effects of lead on implantation. Wide suggested that the lead-induced implantation blockage
was mediated by a decrease in endometrial responsiveness to both sex steroids. Jacquet (1976)
and Jacquet et al. (1977b) had attributed lead-induced prevention of implantation in the mouse
to a lack of endogenous progesterone alone, stating that estrogen levels were unaffected.
Later, however, Jacquet et al. (1977a) stated that estrogen levels also decreased, a finding
not supported by Wide and Wide (1980). The latter authors did find a lead-induced increase in
uterine estradiol receptors, but no change in binding affinities. Although sex steroids
appear to be involved in lead's effects on implantation in rodents, the precise mechanism is
not clear.

In order to examine lead's effects early in gestation, Wide and Nilsson (1977) examined
embryos from untreated mice and from mothers given 1 mg lead chloride on days 3, 4, or 6 of
pregnancy. Embryonic mortality was greater in lead-treated litters; in the day-6 group some
abnormal embryos were observed by day 8. In a later experiment, Wide (1978) removed blasto-
cysts from lead-treated mice. She found that they attached and grew normally during three
days of i_n vitro culture. Other blastocysts from untreated mothers were cultured in media
containing lead, and a dose-dependent decrease in the number of normally developing embryos
was seen. Wide (1983) then transplanted blastocysts from mice treated with an implantation-
inhibiting lead dose and found that they implanted and developed normally in foster mothers.

In a more recent study, Molls et al. (1983) exposed two-cell mouse embryos to 0.1 or
1.0 ug lead chloride per ml of culture medium. By 64 hours of incubation, both treatment
levels had resulted in decreased cell proliferation. Cell death was also seen in morula stage
lead-treated embryos. Exposure to x-rays one hour after the start of incubation had an addi-
tional (but not synergistic) effect.

A study employing domestic sheep was reported by Sharma and Buck (1976), who fed lead
powder to pregnant ewes throughout gestation. Levels in the diet were varied from 0.5 to 16
mg/kg per day in an effort to keep blood lead levels near 40 ug/dl (actual levels ranged from
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30 to 70 |jg/dl). Such treatment resulted in a greatly decreased lambing percentage but no
gross malformations. However, only 11 lead-treated and 9 control subjects were studied.
12.6.2.2.4 Teratogenicity and prenatal toxicity of lead in animals.

12.6.2.2.4.1 High dose effects on the conceptus. Teratogenic effects refer to physical
defects (malformations) in the developing offspring. Prenatal toxicity (embryotoxicity, feto-
toxicity) includes premature birth, prenatal death, stunting, histopathological effects, and
transient biochemical or physiological changes. Behavioral teratogenicity, consisting of be-
havioral alterations or functional (e.g., motor, sensory) deficits resulting from in utero
exposure, is considered in Section 12.4.3 of this chapter.

Teratogenicity of lead, at high exposure levels, has been demonstrated in rodents and
birds, with some results suggesting a species-related specificity of certain gross teratogenic
effects. Perm and Carpenter (1967), as well as Perm and Perm (1971), reported increased
embryonic resorption and malformation rates when various lead salts were administered i.v. to
pregnant hamsters. Teratogenic effects were largely restricted to the tail region, including
malformations of sacral and caudal vertebrae resulting in absent or stunted tails. Gale
(1978) found the same effects, plus hydrocephalus, among six strains of hamsters and noted
differences in susceptibility, suggesting a genetic component in lead-induced teratogenicity.

Zegarska et al. (1974) performed a study with rats injected with lead acetate at mid-ges-
tation. They reported embryonic mortality and malformations. McClain and Becker (1975) sub-
sequently administered lead nitrate i.v. to rats on one of days 8-17 of gestation, producing
malformations and embryo- and fetotoxicity. Hackett et al. (1978, 1982a,b) also gave lead
i.v. to rats and found malformations and high incidences of prenatal mortality. Minsker et
al. (1982) gave lead i.v. to dams on day 17 of gestation and observed decreased birth weights
as well as decreased weight and survival by postpartum day 7.

In another study, Miller et al. (1982) used oral doses of lead acetate up to 100 mg/kg
given daily to rats before breeding and throughout pregnancy and found fetal stunting at the
high dose, but no other effects. Maternal blood lead values ranged from 80 to 92 ug/dl prior
to mating and from 53 to 92 ug/dl during pregnancy! Pretreatment and control blood lead
levels averaged 6-10 ug/dl. Also, Wardell et al. (1982) gavaged rats daily with lead doses of
up to 150 mg/kg from gestation day 6-18 and observed decreased prenatal survival at the high
dose, but no malformations.

Perm (1969) reported that teratogenic effects of i.v. lead in hamsters are potentiated in
the presence of cadmium, leading to severe caudal dysplasia. This finding was duplicated by
Hilbelink (1980). In addition to caudal malformations, lead appears to influence the morphol-
ogy of the developing brain. For example, Murray et al. (1978) described a significant
decrease in number of dendritic spines and observed a variety of morphological abnormalities
of such spines in the parietal cortex of 30-day-old rat pups exposed to lead during gestation
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and nursing, during the postweaning period only, or during both periods. Morphometric analy-
sis of rats transplacentally exposed to lead indicated that cellular organelles were altered
as a function of dose and stage of development at exposure (Klein et al., 1978). These
results indicate that morphologically apparent effects of lead on the brain could be produced
by exposure during pregnancy alone, a question not addressed by Murray et al. (1978). See
Section 12.4.3 for a discussion of other studies relating lead exposure to morphological and
functional alterations in the CNS of developing animals.

12.6.2.2.4.2 Low-dose effects on the conceptus. There is a paucity of information re-
garding the teratogenicity and developmental toxicity of prolonged low-level lead exposure.
Kimmel et al. (1980) exposed female rats chronically to lead acetate via drinking water (0.5,
5, 50, and 250 ppm) from weaning through mating, gestation, and lactation. They observed a
decrease in fetal body length of female offspring at the high dose, and the female offspring
from the 50 and 250 ppm groups weighed less at weaning and showed delays in physical develop-
ment. Maternal toxicity was evident in the rats given 25 ppm or higher doses, corresponding
to blood lead levels of 20 ug/dl or higher. Reiter et al. (1975) observed delays in the
development of the nervous system in offspring exposed to 50 ppm lead throughout gestation and
lactation. Whether these delays in development resulted from a direct effect of lead on the
nervous system of the pups or reflect secondary changes (resulting from malnutrition, hormonal
imbalance, etc.) is not clear. Whatever the mechanisms involved, these studies suggest that
low-level, chronic exposure to lead may induce postnatal developmental delays.

12.6.2.2.4.3 Prenatal effects of organolead compounds. In an initial study of the ef-
fects of organolead compounds in animals, McClain and Becker (1972) treated rats orally with
7.5-30 mg/kg tetraethyl lead, 40-160 mg/kg tetramethyl lead, or 15-38 mg/kg trimethyl lead
chloride, given in three divided doses on gestation days 9-11 or 12-14. The last compound was
also given intravenously at doses of 20-40 mg/kg on one of days 8-15 of pregnancy. The
highest dose of each agent resulted in maternal death, while lower doses caused maternal toxi-
city. At all dose levels, fetuses from dams given multiple treatment weighed less than con-
trols. Single treatments at the highest doses tended to have similar effects. In some cases
delayed ossification was observed. In addition, direct intra-amniotic injection of trimethyl
lead chloride at levels up to 100 ug per fetus caused increasing fetal mortality.

Kennedy et al. (1975) administered tetraethyl lead by gavage to mice and rats during the
period of organogenesis at dose levels up to 10 mg/kg. Maternal toxicity, prenatal mortality,
and developmental retardation were noted at the highest doses in both species, although mater-
nal treatment was discontinued after only three days due to excessive toxicity. In a subse-
quent study involving alkyl lead, Odenbro and Kihlstrb'm (1977) treated female mice orally with
triethyl lead at doses of up to 3.0 mg/kg per day on days 3-5 following mating. The highest
treatment levels resulted in decreased pregnancy rates, while at 1.5 mg/kg, lower implantation

12-215



rates were seen. In order to elucidate the mechanism of implantation failure in organolead-
intoxicated mice, Odenbro et al. (1982) measured plasma sex steroid levels in mice five days
after mating. Levels of both estradiol and progesterone, but not estrone, were decreased
following intraperitoneal triethyl lead chloride on days three and four of gestation. Such
results suggest a hormonal mechanism for blockage of implantation, a finding also suggested
for inorganic lead (Wide, 1980; Jacquet et al., 1977a). In an attempt to elucidate the
mechanism by which organolead compounds decrease fetal growth, Kihlstrom and Odenbro (1983)
treated guinea pigs with i.p. triethyl lead chloride. They observed reduced placental trans-
fer of alpha-amino isobutyrate following doses of 2.5 mg/kg, but no effect was seen at 1.0
mg/kg.

12.6.2.2.4.4 Effects of lead on fetal physiology and metabolism. Biochemical indicators
of developmental toxicity have been the subject of a number of investigations, as possible in-
dicators of subtle prenatal effects. Hubermont et al. (1976) exposed female rats to lead in
drinking water before mating, during pregnancy, and after delivery. In the highest exposure
group (10 ppm), maternal and offspring blood lead values were elevated and approached 68 and
42 ug/dl, respectively. Inhibition of ALA-D and elevation of free tissue porphyrins were also
noted in the newborns. Maternal diets containing up to 0.5 percent lead were associated with
increased fetal porphyrins and decreased ALA-D activity by Jacquet et al. (1977a). Fetuses in
the high-dose group had decreased weights, but no data were presented on maternal weight gain
or food consumption (which could have influenced fetal weight).

Fetal effects were also investigated by Hayashi (1983a,b), who reported that lead levels
as low as 5 ppm in the drinking water of rats for the first 18-21 days of pregnancy resulted
in decreased ALA-D activity in the fetal erythrocytes. Fetal hepatic ALA-D activity was
increased in the lead-treated groups, while hematocrit and hemoglobin concentrations were de-
creased by day 21. Fetal blood leads were 27 ± 16 and 19 ± 10 pg/dl in the 18- and 21-day
groups, respectively.

In the only inhalation exposure study (Prigge and Greve, 1977), rats were exposed
throughout gestation to an aerosol containing 1, 3, or 10 mg Pb/m3 or to a combination of 3 mg
Pb/m3 and 500 ppm carbon monoxide (CO). Both maternal and fetal ALA-D activities were strong-
ly inhibited by lead exposure in a dose-related manner. In the presence of lead plus CO, how-
ever, fetal (but not maternal) ALA-D activity was higher than in the group given lead alone,
possibly due to the increase in total ALA-D seen in the CO-plus-lead treated fetuses. Fetal
body weight and hematocrit were decreased in the high-dose lead group, while maternal values
were unchanged, thus suggesting that the fetuses were more sensitive to lead's effects than
were the mothers. Granahan and Huber (1978) also reported decreased hematocrit, as well as
reduced hemoglobin levels, in fetal rats from lead-intoxicated dams (1000 ppm in the diet
throughout gestation).
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Gerber and Maes (1978) fed pregnant mice diets containing up to one percent lead from day
7 to 18 of pregnancy and determined levels of heme synthesis. Incorporation of iron into
fetal heme was inhibited, but glycine incorporation into heme and protein was unaffected.
Gerber et al. (1978) also found that dietary lead given late in gestation resulted in dimin-
ished placental blood flow but did not decrease uptake of a non-metabolizable amino acid,
alpha-ami no isobutyrate. The authors could not determine whether lead-induced fetal growth
retardation was due to placental insufficiency or to the previously described reduction in
heme synthesis (Gerber and Maes, 1978). They did not mention the possibility that the treated
mothers may have reduced their food consumption, resulting in a reduced nutrient supply to the
fetus, regardless of fetal ability to absorb nutrients.

In another study where evidence of physiological changes was seen at low lead levels,
rats were given 0, 5, 25, 100, or 500 ppm lead in their drinking water throughout gestation
and lactation (Victery et al., 1983). Their offspring were tested at one month of age and
plasma renin activity was found to be elevated at all dose levels, while renal renin concen-
trations were elevated at the two highest doses. The increases in plasma angiotensin II
(All) levels found in the offspring of rats treated with 100 and 500 ppm lead were partially
inhibited when the one-month-old pups were anesthetized and subjected to a surgical procedure
(laparotomy) prior to sampling. Such results suggest that exposure to relatively low lead
levels during development and via nursing may enhance basal renin secretion in young rats,
while at least at higher levels (the two low-dose groups were not tested for All), such treat-
ment tended to inhibit the response to renin-releasing conditions.

More recently, Warden et al. (1982) exposed rat fetuses _in utero to lead by gavaging
their pregnant mothers with 150 mg/kg on gestation days 6-18. On day 19, fetal limb
cartilage was tested for ability to synthesize protein, DNA? and proteoglycans, but no adverse
effects were seen. Also, Talcott and Koller (1983) found no effect on the immune system of
the offspring of mice exposed during gestation to 1000 ppm dietary lead with or without
Aroclor 1254.

12.6.2.2.4.5 Possible mechanisms of lead-induced teratogenesis. The reasons for the
localization of many of the gross teratogenic effects of lead are unknown at this time. Perm
and Perm (1971) have suggested that the observed specificity could be explained by an inter-
ference with specific enzymatic events. Lead alters mitochondrial function and enhances or
inhibits enzymes (see Section 12.2.1); any or all such effects could ultimately interfere with
normal development. Similarly, inhibition of ALA production has been suggested as a mechanism
of teratogenesis by Cole and Cole (1976), while Danielsson et al. (1983) have proposed that
lead's teratogenic effects may be based in part on a functional oxygen deficiency in certain
tissues due to an interference with fetal heme production.
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In an attempt to study the mechanics of lead induction of sacral-tail region malforma-
tions, Carpenter and Perm (1977) examined hamster embryos treated at mid-gestation during the
critical stage for response to teratogens in this species. The initial effects were edema of
the tail region of embryos 30 hours after maternal exposure, followed by blisters and hema-
tomas. These events disrupted normal caudal development, presumably by mechanical displace-
ment. The end results seen in surviving fetuses were missing, stunted, or malformed tails and
anomalies of the lower spinal cord and adjacent vertebrae.

12.6.2.2.4.6 Maternal factors in 1ead-induced teratogenesis and fetotoxicity. Nutri-
tional factors may also have a bearing on the prenatal toxicity of lead. Jacquet and Gerber
(1979) reported increased mortality and defects in fetuses of mice given intraperitoneal
injections of lead while consuming a calcium-deficient diet during gestation. In several
treatment groups, lead-treated calcium-deficient mothers had low blood calcium levels, while
controls on the same diet had normal values. It is not certain how meaningful these data are,
however, as there was no clear dose-response relationship within diet groups. In fact, fetal
weights were said to be significantly higher in two of the lead-treated groups (on the normal
diet) than in the untreated controls. Another problem with the study was that litter numbers
were small.

In a later study, Carpenter (1982) reported greater prenatal mortality and incidence of
malformations in fetal hamsters from mothers given 0.05 or 0.1 percent lead acetate in their
drinking water if the mothers were also on diets deficient in either calcium or iron. Numbers
of litters per group were small, however, and the two lead dose groups were combined when the
data were averaged, making the results difficult to interpret.

Another study on interactions of lead with other elements was done by Dilts and Ahokas
(1979), who exposed rats to lead in their drinking water throughout gestation. Controls were
pair-fed or fed ad libitum. Lead treatment was said to result in decreased fetal weight, and
dietary zinc supplementation was claimed to be associated with a protective effect against
fetal stunting. The data as presented do not allow the differentiation of effects due to
maternal stress (e.g., decreased food consumption) from direct effects on the fetus. In addi-
tion, litter numbers were small, and some of the data were confusing. For example, a lead-
treated and a pair-fed group had very similar litter sizes and total litter weights, but
rather dissimilar average fetal weights; also, dividing live litter weight by live litter size
does not give the authors' values for average fetal weight. Finally, no data were given on
maternal or fetal lead or zinc levels. In a further report on apparently the same animals as
above, Dilts and Ahokas (1980) found that lead inhibited cell division and decreased protein
contents of the fetal placentas, eviscerated carcasses, and livers. Such lead-related effects
were not influenced by maternal zinc supplementation.
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12.6.2.3 Effects of Lead on Avian Species. The effects of lead on the reproduction and
development of various avian species have been studied by a number of investigators, primarily
because of interest in the effects of lead shot ingested by wildlife or in order to develop an
avian embryo model for the experimental analysis of ontogenetic processes. The relevance of
such studies to the health effects of lead on humans is not clear. Consequently, these
studies are not discussed further here.

12.6.3 Summary
The most clear-cut data described in this section on reproduction and development are de-

rived from studies employing high lead doses in laboratory animals. There is still a need for
more critical research to evaluate the possible subtle toxic effects of lead on the fetus,
using biochemical, ultrastructural, or behavioral endpoints. An exhaustive evaluation of
lead-associated changes in offspring should include consideration of possible effects due to
paternal lead burden as well. Neonatal lead intake via consumption of milk from lead-exposed
mothers may also be a factor at times. Moreover, it must be recognized that lead's effects on
reproduction may be exacerbated by other environmental factors (e.g., dietary influences,
maternal hyperthermia, hypoxia, and co-exposure to other toxins).

There are currently no reliable data pointing to adverse effects in human offspring fol-
lowing lead exposure of fathers per se. Early studies of pregnant women exposed to high
levels of lead indicated toxic, but not teratogenic, effects on the conceptus. Unfortunately,
the collective human data regarding lead's effects on reproduction or j_n utero development
currently do not lend themselves to accurate estimation of exposure-effect or no-effect
levels. This is particularly true regarding lead effects on reproductive performance in
women, which have not been well documented at low exposure levels. Still, prudence would
argue for avoidance of lead exposures resulting in blood lead levels exceeding 25-30 ug/dl in
pregnant women or women of child-bearing age in general, given the equilibration between
maternal and fetal blood lead concentrations that occurs and the growing evidence for dele-
terious effects in young children as blood lead levels approach or exceed 25-30 ug/dl. Indus-
trial exposure of men to lead at levels resulting in blood lead values of 40-50 ug/dl also
appear to result in altered testicular function.

The paucity of human exposure data forces an examination of the animal studies for indi-
cations of threshold levels for effects of lead on the conceptus. It must be noted that the
animal data are almost entirely derived from rodents. Based on these rodent data, it seems
likely that fetotoxic effects have occurred in animals at chronic exposures to 600-800 ppm
inorganic lead in the diet. Subtle effects appear to have been observed at 5-10 ppm in the
drinking water, while effects of inhaled lead have been seen at levels of 10 mg/m3. With
multiple exposure by gavage, the lowest observed effect level is 64 mg/kg per day, and for
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exposure via injection, acute doses of 10-16 mg/kg appear effective. Since humans are most
likely to be exposed to lead in their diet, air, or water, the data from other routes of expo-
sure are of less value in estimating harmful exposures. Indeed, it appears that teratogenic
effects occur in experimental animals only when the maternal dose is given by injection.

Although human and animal responses may be dissimilar, the animal evidence does document
a variety of effects of lead exposure on reproduction and development. Measured or apparent
changes in production of or response to reproductive hormones, toxic effects on the gonads,
and toxic or teratogenic effects on the conceptus have all been reported. The animal data
also suggest subtle effects on such parameters as metabolism and cell structure that should be
monitored in human populations. Well-designed human epidemiological studies involving large
numbers of subjects are still needed. Such data could clarify the relationship of exposure
levels and durations to blood lead values associated with significant effects and are needed
for estimation of no-effect levels. (Recent studies, most of which are prospective epidemiol-
ogical investigations, on the relationship between relatively low-level lead exposure and
effects on fetal and child development, along with supporting experimental evidence on
possible underlying mechanisms, are reviewed in an Addendum to this document.)
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12.7 GENOTOXIC AND CARCINOGENIC EFFECTS OF LEAD
12.7.1 Introduction

Potential carcinogenic, genotoxic (referring to alteration in structure or metabolism of
DNA), and mutagenic roles of lead are considered here. Epidemiological studies of occupation-
ally exposed populations are considered first. Such studies investigate possible associations
of lead with induction of human neoplasia and are important because they assess the incidence
of disease in humans under actual ambient exposure conditions. However, such studies have
many limitations that make it difficult to assess the carcinogenic activity of any specific
agent. These include general problems in accurately determining the amount and nature of
exposure to a particular chemical agent; in the absence of adequate exposure data it is diffi-
cult to determine whether each individual in a population was equally exposed to the agent in
question. It is also often difficult to assess other factors, such as exposure to carcinogens
in the diet, and to control for confounding variables that may have contributed to the inci-
dence of any neoplasms. These factors tend to obscure the effect of lead alone. Also, in an
occupational setting a worker is often exposed to various chemical compounds, making it more
difficult to assess epidemiologically the injurious effect resulting specifically from expo-
sure to one, such as lead.

A second approach considered here examines the ability of specific lead compounds to in-
duce tumors in experimental animals. The advantage of these studies over epidemiological in-
vestigations is that a specific lead compound, its mode of administration, and level of expo-
sure can be well defined and controlled. Additionally, many experimental procedures can be
performed on animals that for ethical reasons cannot be performed on humans, thereby allowing
a better understanding of the course of chemically induced injury. For example, animals may
be sacrificed and necropsies performed at any desired time during the study. Factors such as
diet and exposure to other environmental conditions can be well controlled, and genetic vari-
ability can be minimized by use of well established and characterized animal lines. One
problem with animal studies is the difficulty of extrapolating such data to humans. However,
this drawback is perhaps more important in assessing the toxicity of organic chemicals than in
assessing inorganic agents, because the injury induced by many organic agents is highly depen-
dent upon reactive intermediates formed jn vivo by enzymatic action (e.g., microsomal enzymes)
upon the parent compound. In addition, both qualitative and quantitative differences between
the metabolic capabilities of humans and experimental animals have been documented (Neal,
1980). With inorganic compounds of lead, however, the element of interest undergoes little
alteration j_n vivo and, therefore, the ultimate toxic agent is less likely to differ between
experimental animals and humans (Costa, 1980). The carcinogenic action of most organic chemi-
cals is dependent upon activation of a parent pro-carcinogen, whereas most metallic carcino-
gens undergo little alteration j_n vivo to produce their oncogenic effects (Costa, 1980).
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A third approach discussed below is i_n vitro studies. Animal carcinogen bioassays are
currently the preferred means for assessing carcinogenic activity but they are extremely ex-
pensive and time consuming. As a result, much effort has been directed toward developing
suitable j_n vitro tests to complement uj vivo animal studies for the evaluation of the poten-
tial oncogenicity of chemicals. The cell transformation assay has as its endpoint neoplastic
transformation of mammalian cells and is the most suitable i_n vitro system because it examines
cellular events closely related to carcinogenesis (Heck and Costa, 1982a). A general problem
with this assay system, which is less troublesome with reference to metal compounds, is that
it employs fibroblastic cells in culture, which lack many iji vivo metabolic systems. Since
lead is not extensively metabolized in vivo, addition of liver microsomal extracts (which has
been attempted in this and similar systems) is not necessary to generate the ultimate carcino-
gen(s) from this metal (see above). However, if other indirect factors are involved with lead
carcinogenesis Jjn vivo, then these might be absent in such culture systems (e.g., specific
lead-binding proteins that direct lead interactions jin vivo with oncogenically relevant
sites). There are also technical problems related to the culturing of primary cells and dif-
ficulties with the final microscopic evaluation of morphological transformations, which are
prone to some subjectivity. However, if the assay is performed properly it can be very relia-
ble and reproducible. Modifications of this assay system (i.e., exposure of pregnant hamsters
to a test chemical followed by culturing and examination of embryonic cells for transplacen-
tally induced transformation) are available for evaluation of ui vivo metabolic influences,
provided that the test agent is transported to the fetus. Additionally, cryopreservation of
primary cultures isolated from the same litter of embryos can control for variation in cell
populations exposed to test chemicals and give more reproducible responses in replicate ex-
periments (Pienta, 1980). A potential advantage of the cell transformation assay system is
the possibility that cultured human cells can be transformed j_n vitro. Despite numerous at-
tempts, however, no reproducible human-cell transformation system has yet been sucessfully
established which has been evaluated with a number of different chemicals of defined carcino-
genic activity.

Numerous processes have been closely linked with oncogenic development, and specific
assay systems that utilize events linked mechanistically with cancer as an endpoint have been
developed to probe whether a chemical agent can affect any of these events. These systems in-
clude assays for mutations, chromosomal aberrations, development of micronuclei, enhancement
of sister chromatid exchange, effects on DMA structure, and effects on DNA and RNA polymerase.
These assay systems have been used to examine the genotoxicity of lead and facilitate the
assessment of possible lead carcinogenicity. Chromosomal aberration studies are useful
because human lymphocytes cultured from individuals after exposure to lead allow evaluation of
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genotoxic activity that occurred under the influence of an in vivo metabolic system. Such
studies are discussed below in relationship to genotoxic effects of lead. However, a neoplas-
tic change does not necessarily result, and evaluations of some less conspicuous types of
chromosomal aberrations are somewhat subjective since microscopy is exclusively utilized in
the final analyses. Nevertheless, it is reasonable to assume that if an agent produces chro-
mosomal aberrations it may have potential carcinogenic activity. Many carcinogens are also
mutagenic, and this fact, combined with the low cost and ease with which bacterial mutation
assays can be performed, has resulted in wide use of these systems in determining potential
carcinogenicity of chemicals. Mutation assays can also be performed with eukaryotic cells and
several studies are discussed below that examined the mutagenic role of lead in these systems.
However, in bacterial systems such as the Ames test, metal compounds with known human carcino-
genic activity are generally negative and,, therefore, this system is not useful for determin-
ing the potential oncogenicity of lead. Similarly, even in eukaryotic systems, metals with
known human cancer-causing activity do not produce consistent mutagenic responses. Reasons
for this lack of mutagenic effect remain unclear, and it appears that mutagenicity studies of
lead cannot be weighed heavily in assessing its genotoxicity.

Other test systems that probe for effects of chemical agents on DNA structure may be use-
ful in assessing the genotoxic potential of lead. Sister chromatid exchange represents the
normal movement of DNA in the genome and enhancement of this process by potentially carcino-
genic agents is a sensitive indicator of genotoxicity (Sandberg, 1982). Numerous recently
developed techniques can be used to assess DNA damage induced by chemical carcinogens. One of
the most sensitive is alkaline elution (Kohn et al., 1981), which may be used to study DNA•»
lesions produced i_n vivo or in cell culture. This technique can measure DNA strand breaks or
crosslinks in DNA, as well as repair of these lesions, but the toxicity of lead compounds has
not been studied with this technique. Assessment of the induction of DNA repair represents
one of the most sensitive techniques for probing genotoxic effects. The reason for this is
that the other procedures measure DNA lesions that have persisted either because they were not
recognized by repair enzymes or because their number was sufficiently great to saturate DNA
repair systems. Measurement of DNA repair activation is still possible even if the DNA lesion
has been repaired, but effects of lead compounds on DNA repair have not been studied. There
are a few isolated experiments within publications that examined the ability of lead compounds
to induce DNA damage, but this line of investigation requires further work. There are some
well-conducted j_n vitro studies of the effect of lead along with other water soluble metals on
isolated DNA and RNA polymerases, which suggest mutagenic mechanisms occurring in intact
cells. The ability of lead to affect the transcription of DNA and RNA merits concern in
regard to its potential oncogenic and mutagenic properties.
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12.7.2 Carcinogenesis Studies of Lead and its Compounds
12.7.2.1 Human Epidemiological Studies. Epidemiological studies of industrial workers, where
the potential for lead exposure is usually greater than for a "normal population," have been
conducted to evaluate the role of lead in the induction of human neoplasia (Cooper, 1976,
1981; Cooper and Gaffey, 1975; Chrusciel, 1975; Oingwall-Fordyce and Lane, 1963; Lane, 1964;
McMichael and Johnson, 1982; Neal et al., 1941; Nelson et al., 1982). In general, these
studies made no attempt to consider types of lead compounds to which workers were exposed or
to determine probable routes of exposure. Some information on specific lead compounds encoun-
tered in the various occupational settings, along with probable exposure routes, would have
made the studies more interpretable and useful. As noted in Chapter 3, with the exception of
lead nitrate and lead acetate, many inorganic lead salts are relatively water insoluble. If
exposure occurred by ingestion, the ability of water-insoluble lead salts (e.g., lead oxide
and lead sulfide) to dissolve in the gastrointestinal tract may contribute to understanding of
their ultimate systemic effects in comparison to their local actions in the gastrointestinal
tract. Factors such as particle size are also important in the dissolution of any water in-
soluble compounds in the gastrointestinal system (Mahaffey, 1983). When considering other
routes of exposure (e.g., inhalation), the water solubility of the lead compound in question,
as well as the particle size, are extremely important, both in terms of systemic absorption
and contained injury in the immediate locus of the retained particle (see Chapter 10). A
hypothetical example is the inhalation of an aerosol of lead oxide versus a water soluble lead
salt such as lead acetate. Lead oxide particles having a diameter of <5 urn would tend to de-
posit in the lung and remain in contact with cells there until they dissolved, while soluble
lead salts would dissipate systemically at a much more rapid rate. Therefore, in the case of
inhaled particulate compounds, localized exposure to lead might produce injury primarily in
respiratory tissue, whereas with soluble salts, systemic (i.e., CNS, kidney, and erythropoie-
tic) effects might predominate.

The studies of Cooper and Gaffey (1975) and Cooper (1976, 1981) examined the incidence of
cancer in a large population of industrial workers exposed to lead. Two groups of individuals
were identified as the lead-exposed population under consideration: smelter workers from six
lead production facilities and battery plant workers (Cooper and Gaffey, 1975). The authors
reported (see Table 12-17) that total mortality from cancer was higher in lead smelter workers
than in a control population in two ways: (1) the difference between observed and expected
values Tor the types of malignancies reported; and (2) the standardized mortality ratio (SMR),
which, by comparison to a control population, indicates a greater than "normal" (but not nec-
essarily statistically significant) response if it is in excess of 100 percent. These studies
report not only an excess of all forms of cancer in smelter workers but also a greater level
of cancer in the respiratory and digestive systems in both battery plant and smelter workers.
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TABLE 12-17. EXPECTED AND OBSERVED DEATHS AND STANDARDIZED MORTALITY RATIOS FOR MALIGNANT
NEOPLASMS FROM JAN. 1, 1947 TO DEC. 31, 1979 FOR LEAD SMELTER AND BATTERY PLANT WORKERS

Causes of death
(ICDa Code)

All malignant neoplasms (140-205)
Buccal cavity & pharynx (140-148)
Digestive organs peritoneum (150-159)
Respiratory system (160-164)
Genital organs (170-179)
Urinary organs (180-181)
Leukemia (204)
Lymp ho sarcoma, lymphatic, and
hematopoietic (200-203, 205)

Other sites

Smelters u
Observed

69
0
25
22
4
5
2

3
8

Expected

54.95
1.89
17.63
15.76
4.15
2.95
2.40

3.46
6.71

SMR"

133
--
150
148
101
179
88

92
126

Battery Plant
Observed

186
6
70
61
8
5
6

7
23

Expected

180.34
6.02
61.48
49.51
18.57
10.33
7.30

9.74
17.39

SMRC

111
107
123
132
46
52
88

77
142

International Classification of Diseases.
Correction of +5.55% applied for 18 missing death certificates; SMR = standardized mortality
ratio.
Correction of +7.52% applied for 71 missing death certificates.

Source: Cooper and Gaffey (1975).

The incidence of urinary system cancer was also elevated in the smelter workers (but not in
the battery plant workers), although the number of individuals who died from this neoplasm was
very small. As the table indicates, death from neoplasm at other sites was also elevated com-
pared with a normal population, but these results were not discussed in Cooper and Gaffey1s
(1975) report, since these elevated incidences of cancer were not statistically significant by
their analysis.

Kang et al. (1980) examined the Cooper and Gaffey (1975) report and noted an error in the
statistical equation used to assess the significance of excess cancer mortality. Table 12-18,
from Kang et al. (1980) shows results based on what they claimed was a corrected form of the
statistical equation previously used by Cooper and Gaffey (1975); it also employed another
statistical test claimed to be more appropriate. Statistical significance was observed in
every category listed with the exception of battery plant workers, whose deaths from all forms
of neoplasia were not different from a control population. Gaffey (1980), in responding to
the letter of Kang et al. (1980), indicated that a typographical error had been made in the
equation printed in their publication (Cooper and Gaffey, 1975) but that the correct equation
had actually been used in assessing the statistical significance of their data.

Cooper and Gaffey (1975) did not discuss types of lead compounds that these workers may
have been exposed to in smelting operations, but workers thus employed likely ingested or
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TABLE 12-18. EXPECTED AND OBSERVED DEATHS RESULTING FROM SPECIFIED MALIGNANT NEOPLASMS
FOR LEAD SMELTER AND BATTERY PLANT WORKERS AND LEVELS OF SIGNIFICANCE BY

TYPE OF STATISTICAL ANALYSIS ACCORDING TO ONE-TAILED TESTS

Probability

Causes, of death
(ICDa code)

Number
Ob-

served

of deaths

pected SMRb
Pois-
son

This
anal j
ysis

Cooper
and
Gaffey6

Lead smelter workers:

All malignant neoplasms
(140-205)

Cancer of the digestive organs,
peritoneum (250-159)

Cancer of the respiratory system
(160-164)

Battery plant workers:

69

25

22

54.95

17.63

15.76

133

150

148

<0.02

<0.03

<0.05

<0.01

<0.02

<0.03

<0.02

<0.05

>0.05

All malignant neoplasms
(140-205)

Cancer of the digestive organs,
peritoneum (150-159)

Cancer of the respiratory system
(160-164)

186

70

61

180.34

61.48

49.51

111

123

132

>0.05

<0.05

<0.03

>0.05

<0.04

<0.02

>0.05

>0.05

<0.03

International Classification of Diseases.
DStandardized mortality ratios (SMRs) were corrected by Cooper and Gaffey for missing death
certificates under the assumption that distribution of causes of death was the same in
missing certificates as in those that were obtained.
"Observed deaths were recalculated as follows: adjusted observed deaths = (given SMR/100) x
expected deaths.

dGiven z = (SMR - 100) 7expected/100.
eGiven z = (SMR - 100)//100 x SMR/expected.
Source: Kang et al. (1980).

inhaled oxides and sulfides of lead. Since these and other lead compounds produced in the in-
dustrial setting are not readily soluble in water it could be that the cancers arising in res-
piratory or gastrointestinal systems were caused by exposure to water-insoluble lead com-
pounds. Although the Cooper and Gaffey (1975) study had a large sample (7032), only 2275 of
the workers (32.4 percent) were employed when plants monitored urinary lead. Urinary lead
values were available for only 9.7 percent of the 1356 deceased employees on whom the cancer
mortality data were based. Only 23 (2 percent) of the 1356 decedents had blood lead levels
measured. Cooper and Gaffey (1975) did report some average urinary and blood lead levels,
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where 10 or more urine or at least three blood samples were taken (viz., battery plant
workers: urine lead = 129 ug/1 , blood lead = 67 ng/dl; smelter workers: urine lead = 73
|jg/l, blood lead = 79.7 ug/dl). Cooper (1976) noted that these workers were potentially
exposed to other materials, including arsenic, cadmium, and sulfur dioxide, although no data
on such exposures were reported. In these and other epidemiological studies in which selec-
tion of subjects for monitoring exposure to an agent such as lead is left to company discre-
tion, it is possible that individual subjects are monitored primarily on the basis of obvious
signs of lead exposure, while other individuals who show no symptoms of lead poisoning would
not be monitored (Cooper and Gaffey, 1975). It is also not clear from these studies when the
lead levels were measured, although the timing of measurement would make little difference
since no attempt was made to match an individual's lead exposure to any disease process.

In a follow-up study of the same population of workers, Cooper (1981) concluded that lead
had no significant role in the induction of neoplasia. However, he did report SMRs of 149
percent and 125 percent for all types of malignant neoplasms in lead battery plant workers
with <10 or >10 years of employment, respectively (Cooper, 1981). In battery workers employed
for 10 years or more there was an unusually high incidence of cancer listed as "other site"
tumors (SMR = 229 percent; expected = 4.85, observed = 16) (Cooper, 1981, Table 13). Respira-
tory cancers were elevated in the battery plant workers employed for less than 10 years
(SMR = 172 percent). Similarly, in workers involved with lead production facilities for more
than 10 years the SMR was 151 percent.

An analysis of data for a more carefully selected subset of the same population (6819
workers versus 7032 originally) for the period 1947-1980 was recently reported by Cooper
(1985). Deaths due to malignant neoplasms were elevated in both cohorts of workers (SMRs =
113 percent), a significant excess in battery workers but not in smelter workers because of a
smaller number of cases. Most of these deaths occurred prior to 1971, which accounts for the
lack of such findings in Cooper's (1981) analysis of 1971-1975 data. Consistent with earlier
findings, the primary tumor sites were the gastrointestinal tract and the lung. Cooper (1981,
1985) noted that the lack of information on smoking histories made interpretation of the res-
piratory cancers problematic. However, the association of lead exposure with gastric cancer
is consistent with findings of Sheffet et al. (1982), who reported an increased, albeit non-
significant, incidence of stomach cancer in workers exposed to lead chromate. Cooper (1985)
suggested that high local concentrations of ingested lead could have a co-carcinogenic effect,
particularly in those whose dietary or alcohol intake patterns predispose them to higher-than-
average gastric cancer rates. As noted by Cooper, further study of the possible association
between lead and gastric cancer seems advisable. At present, however, without better docu-
mentation of lead exposure histories, it is difficult to assess the degree of lead's contribu-
tion to the above findings.
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A recent study (McMichael and Johnson, 1982) examined the historical incidence of cancers
in a population of smelter workers diagnosed as having lead poisoning. The incidence of can-
cer in a relatively small group of 241 workers was compared with 695 deceased employees from
the same company. The control group had been employed during approximately the same period
and was asserted to be free from lead exposure, although there were no data to indicate lead
levels in either the control or the experimental group. Based upon diagnoses of lead poison-
ing made in the 1920s and 1930s for a majority of the deaths, the authors concluded that there
was a considerably lower incidence of cancer in lead-poisoned workers (McMichael and Johnson,
1982). However, there is no indication of how lead poisoning was diagnosed. It is difficult
to draw any conclusions from this study with regard to the role of lead in human neoplasia.

Davies (1984) found that workers exposed to both lead and zinc chromate in English pig-
ment factories showed a significantly increased incidence of lung cancer mortality after at
least one year of medium or high exposure. However, lung cancer mortality was normal in
workers exposed only to lead chromate, thus suggesting that zinc rather than lead chromate,
was the more significant risk factor.

Another recent epidemiological study (Selevan et al., 1984) has noted increased mortality
from renal cancer in a group of lead smelter workers. The SMR for deaths from renal cancer
was 204 percent for the entire cohort, although this excess mortality was not statistically
significant and only, represented 6 cases. However, of interest is the fact that the renal
cancers observed in humans in this study matched the types of cancers induced in experimental
animals by lead. This study also analyzed the number of deaths associated with high lead
exposure in combination with other contaminants (i.e., cadmium, zinc, and arsenic) as well as
those deaths associated predominantly with high lead exposure alone. The SMR for deaths from
renal cancer in the high lead exposure areas only was 301 percent. Similarly, deaths from
cancers of the urinary organs had an SMR of 199 percent in the high-lead-only group. These
results suggest that lead exposure could be associated with an increased incidence of renal
cancer in humans, but in the absence of statistical significance and corroboration by other
epidemiological studies, this finding should be interpreted with caution.

Two case studies have also suggested an association of lead exposure with renal cancer
(Baker et al., 1980; Lilis, 1981). The relatively high degree of lead exposure in these two
case reports was well documented by symptoms of lead intoxication and by measurements of blood
lead and erythrocyte protoporphyrin. Furthermore, Baker et al. (1980) found a relatively high
concentration of lead (~2.5 M9/9) in the patient's tumor as well as certain histologic simi-
larities to lead-induced neoplasms in animal kidneys (e.g., swollen mitochondria, numerous
dense lysosomes, and some amphophilic intranuclear inclusion bodies in epithelial cells adja-
cent to the proximal convoluted tubules). The generally sparse presence of intranuclear in-
clusion bodies in the patient's kidney was attributed to his use of oral penicillamine three
to four weeks prior to being examined.
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Conclusions regarding the ability of lead to induce human neoplasia must await further
epidemiological studies in which other factors that may contribute to the observed effects are
well controlled for and the disease process is assessed in individuals with well documented
exposure histories. Little can now be reliably concluded from available epidemiological
studies.
12.7.2.2 Induction of Tumors in Experimental Animals. As discussed in the preceding
sections, it is difficult to obtain conclusive evidence of the carcinogenic potential of an
agent using only epidemiological studies. Experiments testing the ability of lead to cause
cancer in experimental animals are an essential aspect of understanding its oncogenicity in
humans. However, a proper lifetime animal feeding study to assess the carcinogenic potential
of lead following National Cancer Institute guidelines (Sontag et al., 1976) has not been con-
ducted. The cost of such studies exceeds $1 million; consequently they are limited only to
those agents in which sufficient evidence based upon j_n vitro or epidemiological studies
warrants such an undertaking. The literature on lead carcinogenesis contains many smaller
studies where only one or two doses were employed and where toxicological monitoring of ex-
perimental animals exposed to lead was generally absent. Some of these studies are summarized
in Table 12-19 (see also Section 12.8.2.2). Most mainly serve to illustrate that numerous
different laboratories have induced renal tumors in rats by feeding them diets containing 0.1
or 1.0 percent lead acetate. In some cases, other lead formulations were tested, but the
dosage selection was not based upon lethal dose values. In most cases, only one dose level
was used. Another problem with many of these studies was that the actual concentrations of
lead administered and internal body burdens achieved were not measured. Some of these studies
are discussed very briefly; others are omitted entirely because they contribute little to our
understanding of lead carcinogenesis.

Administration of 1.0 percent lead acetate (10,000 ppm) resulted in kidney damage and a
high incidence of mortality in most of the studies in Table 12-19. However, kidney tumors
were also evident at lower dosages (e.g., 0.1 percent lead acetate in the diet), which pro-
duced less mortality among the test animals. As discussed in Section 12.6, renal damage is
one of the primary toxic effects of lead. At 0.1 percent lead acetate (1000 ppm) in the diet,
the concentration of lead measured in the kidney was 30 ug/g while 1 percent lead acetate re-
sulted in 300 |jg/g of lead in the kidneys of necropsied animals (Azar et al., 1973). In most
of the studies with rats fed 0.1 or 1.0 percent lead in the diet, the incidence of kidney tu-
mors increased between the lower and higher dosage, suggesting a relationship between the de-
position of lead in the kidney and the carcinogenic response. Renal tumors were also induced
in mice at the 0.1 percent oral dosage of lead subacetate but not in hamsters that were simi-
larly exposed to this agent (Table 12-19).
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TABLE 12-19. EXAMPLES OF STUDIES ON THE INCIDENCE OF TUMORS IN EXPERIMENTAL
ANIMALS EXPOSED TO LEAD COMPOUNDS

Species

Rat

Rat

Rat

Mouse

Rat

Rat

Rat

Mouse

Rat

Hamster

Mouse

Rat

Rat

Pb compound

Pb phosphate

Pb acetate

Pb
subacetate

Pb
naphthenate

Pb phosphate

Pb
subacetate

Pb
subacetate

Tetraethyl
lead in
tricaprylin

Pb acetate

Pb
subacetate

Pb
subacetate

Pb nitrate

Pb acetate

Dose and mode*

120-680 mg
(total dose s.c. )

1* (in diet)

0.1% and
1.0% (in diet)

20% in benzene
(dermal 1-2
times weekly)

1.3 g (total
dosage s.c. )

0.5 - 1%
(in diet)

1% (in diet)

0.6 mg (s.c.)
4 doses between
birth and 21 days

3 mg/day for
2 months;
4 mg/day for
16 months (p.o.)

1.0% (in
0.5% diet)

0.1% and
1.0% (in diet)

25 g/1 (in
drinking water)

3 mg/day (p.o. )

Incidence (and type) of
neoplasms

19/29 (renal tumors)

15/16 (kidney tumors)
14/16 (renal carcinomas)

11/32 (renal tumors)
13/24 (renal tumors)

5/59 (renal neoplasms)
(no control with
benzene)

29/80 (renal tumors)

14/24 (renal tumors)

31/40 (renal tumors)

5/41 (lymphomas)
in females, 1/26 in
males, and 1/39 in
controls

72/126 (renal tumors)

23/94 males (testicular
[Leydig cell] tumors)

No significant incidence
of renal neoplasms

7/25 (renal carcinomas)
at 0.1%; substantial
death at 1.0%

No significant incidence
of tumors

89/94 (renal , pituitary,
cerebral gliomas,
adrenal , thyroid, pro-

Reference

Zol linger
(1953)

Boyland et
al. (1962)

Van Esch
et al. (1962)

Baldwin et
al. (1964)

Balo et al.
(1965)

Mass et al.
(1967)

Mao and
Molnar (1967)

Epstein and
Mantel (1968)

Zawirska and
Medras (1968)

Van Esch and
Kroes (1969)

Van Esch and
Kroes (1969)

Schroeder et
al. (1970)

Zawirska
and

Medras', 1972
static, mammary tumors)

12-230



TABLE 12-19. (continued)

Species Pb Compound Dose and mode
Incidence (and type) of

neoplasms Reference

Rat Pb acetate

Hamster

Rat

Pb oxide

Pb chromate

0, 10, 50, 100,
1000, 2000 ppm
(in diet) for
2 yr

1 mg (intratracheal)
10 times

8 mg (i.m.)
for 9 monthly
injections

No tumors 0-100 ppm; Azar et al.
5/50 (renal tumors) at (1973)
500 ppm; 10/20 at 1000 ppm;
16/20 males, 7/20 females
at 2000 ppm

0/30 without benzopyrene,
12/30 with benzopyrene
(lung cancers)

Females: 2/25 lymphoma,
11/25 fibrosarcoma,
10/25 rhabdomyosarcoma,
1/25 osteogenic sarcoma
Males: 3/25 fibrosarcoma,
7/25 rhabdomyosarcoma,
3/25 renal carcinoma

Kobayashi
and
Okamoto (1974)

Furst et al.
(1976)

Mouse

Rat

Pb chromate 3 mg (i.m.)
for 4 monthly
injections

Pb acetate 0, 26, 2600 ppm
(in drinking water)
for 76 wk

Females only:
2/25 lymphoma,
3/25 lung carcinoma

81% (renal tumors)
at 2600 ppm

Furst et al.
(1976)

Koller et al.
(1985)

*s.c. = subcutaneous injection; p.o. = per os (gavage); i.m. = intramuscular injection.

Other lead compounds have also been tested in experimental animals, but in these studies
only one or two dosages (generally quite high) were employed, making it difficult to assess
the potential carcinogenic activity of lead compounds at relatively nontoxic concentrations.
It is also difficult to assess the true toxicity caused by these agents, since properly de-
signed toxicity studies were generally not performed in parallel with these cancer studies.

As shown in Table 12-19, lead nitrate produced no tumors in rats when given at very low
concentrations, but lead phosphate administered subcutaneously at relatively high levels in-
duced a high incidence of renal tumors in two studies. Lead powder administered orally re-
sulted in lymphomas and leukemia; when given intramuscularly only one fibrosarcoma was pro-
duced in 50 animals. Lead naphthenate applied as a 20 percent solution in benzene two times
each week for 12 months resulted in the development of four adenomas and one renal carcinoma
in a group of 50 mice (Baldwin et al., 1964). However, in this study control mice were not
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painted with benzene. Tetraethyl lead at 0.6 mg given in four divided doses between birth and
21 days to female mice resulted in 5 of 36 surviving animals developing lymphomas, while 1 of
26 males treated similarly and 1 of 39 controls developed lymphomas (Epstein and Mantel,
1968).

Lead subacetate has also been tested in the mouse lung adenoma bioassay (Stoner et al.,
1976). This assay measures the incidence of nodules forming in the lung of strain A/Strong
mice following parenteral administration of various test agents. Nodule formation in the lung
does not actually represent the induction of lung cancer but merely serves as a general meas-
ure of carcinogenic potency independent of lung tissue (Stoner et al., 1976). Lead subacetate
was administered to mice at 150, 75, and 30 mg (total dose), which represented the maximum
tolerated dose (MTD), 1/2 MTD, and 1/5 MTD, respectively, over a 30-week period using 15 sepa-
rate i.p. injections (Stoner et al., 1976). Survivals at the three doses were 15/20 (MTD),
12/20 (1/2 MTD), and 17/20 (1/5 MTD), respectively, with 11/15, 5/12, and 6/17 survivors
having lung nodules. Only at the highest doses was the incidence of nodules greater than in
the untreated mice. However, these authors concluded that on a molar-dose basis lead subace-
tate was the most potent of all the metallic compounds examined. Injection of 0.13 mmol/kg
lead subacetate was required to produce one lung tumor per mouse, indicating that this com-
pound was about three times more potent than urethane (at 0.5 mmol/kg) and approximately 10
times more potent than nickelous acetate (at 1.15 mmol/kg). The mouse lung adenoma bioassay
has been widely utilized for examining carcinogenic activity of chemical agents in experimen-
tal animals and is well recognized as a highly accurate test system for assessing potential
carcinogenic hazards of metals and their compounds (Stoner et al., 1976). Recent studies
utilizing the lung tumor bioassay in strain A mice have demonstrated that administration of
magnesium or calcium acetates along with lead subacetate eliminated the tumorigenic activity
of lead in this test system (Poirier et al., 1984). These results indicate that essential
divalent metals can protect against the carcinogenic effects of lead. Lead oxide combined
with benzopyrene administered intratracheally resulted in 11 adenomas and 1 adenocarcinoma in
a group of 15 hamsters, while no lung neoplasias were observed in groups receiving benzopyrene
or lead oxide alone (Kobayashi and Okamoto, 1974).

Administration of lead acetate to rats has been reported to produce other types of
tumors, e.g., testicular, adrenal, thyroid, pituitary, prostate, lung (Zawirska and Medras,
196R), and cerebral gliomas (Oyasu et al., 1970). However, in other animal species, such as
dogi (Azar et al., 1973; Fouts and Page, 1942) and hamsters (Van Esch and Kroes, 1969), lead
acetate induced either no tumors or only kidney tumors (Table 12-19).

The above studies seem to implicate some lead compounds as carcinogens in experimental
animals, but they were not designed to address the question of lead carcinogenesis in a defi-
nitive manner. In contrast, a study by Azar et al. (1973) examined the oncogenic potential of
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lead acetate at a number of doses and in addition monitored a number of toxicological para-
meters in the experimental animals. Azar et al. (1973) gave 0, 10, 50, 100, 500, 1000, and
2000 ppm dose levels of lead (as lead acetate) to rats during a two-year feeding study. Fifty
rats of each sex were utilized at doses of 10-500 ppm, while 100 animals of each sex were used
as controls. After the study was under way for a few months, a second 2-year feeding study
was initiated using 20 animals of each sex in groups given doses of 0, 1000, or 2000 ppm. The
study also included four male and four female beagle dogs at each dosage of lead ranging from
0 to 500 ppm in a 2-year feeding study. During this study, the clinical appearance and behav-
ior of the animals were observed, and food consumption, growth, and mortality were recorded.
Blood, urine, fecal, and tissue lead analyses were done periodically using atomic absorption
spectrophotometry. A complete blood analysis was done periodically, including blood cell
count, hemoglobin, hematocrit, stippled cell count, prothrombin time, alkaline phosphatase,
urea nitrogen, glutamic-pyruvate transaminase, and albumin-to-globulin ratio. The activity of
the enzyme delta-aminolevulinic acid dehydrase (ALA-D) in the blood and the excretion of its
substrate, delta-aminolevulinic acid (ALA), in the urine were also determined. A thorough ne-
cropsy, including both gross and histologic examination, was performed on all animals.

Table 12-20 depicts the mortality and incidence of kidney tumors reported by Azar et al.
(1973). At 500 ppm (0.05 percent) and above, male rats developed a significant number of re-
nal tumors. Female rats did not develop tumors except when fed 2000 ppm lead acetate. Two
out of four male dogs fed 500 ppm developed a slight degree of cytomegaly in the proximal con-
voluted tubule but did not develop any kidney tumors. The number of stippled erythrocytes in-
creased at 10 ppm in the rats but not until 500 ppm in the dogs. ALA-D was decreased at 50
ppm in the rats but not until 100 ppm in the dogs. Hemoglobin and hematocrit, however, were
not depressed in the rats until they received a dose of 1000 ppm lead. These results illus-
trate that the induction of kidney tumors coincides with moderate to severe toxicological
doses of lead acetate, for it was at 500-1000 ppm lead in the diet that a significant in-
crease in mortality occurred (see Table 12-20). At 1000 and 2000 ppm lead, 21-day-old wean-
ling rats showed no tumors but did show histological changes in the kidney comparable to those
seen in adults receiving 500 ppm or more lead in their diet. Also of interest from the Azar
et al. (1973) study is the direct correlation obtained in dogs between blood lead level and
kidney lead concentrations. A dietary lead level of 500 ppm produced a blood lead concentra-
tion of 80 ug/dl within 24 months, which corresponds to a level at which humans often show
clinical signs of lead poisoning (see Section 12.4.1). The kidney lead concentration corres-
ponding to this blood lead level was 2.5 ug/g (wet weight), while at 50 ug/dl in blood the
kidney lead levels were 1.5 ug/g. Assuming similar pharmacokinetic distribution of lead in
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TABLE 12-20. MORTALITY AND KIDNEY TUMORS IN RATS FED LEAD ACETATE FOR TWO YEARS

Nominal (actual)3
concentration in
ppm of Pb in diet

0 (5)
10 (18)
50 (62)
100 (141)
500 (548)

0 (3)
1000 (1130)
2000 (2102)

No. of rats
of each sex

100
50
50
50
50

20
20
20

% mortal
Male

37
36
36
36
52

50
50
80

•* bityu
Female

34
30
28
28
36

35
50
35

% Kidney
Male

0
0
0
0
10

0
50
80

tumors
Female

0
0
0
0
0

0
0
35

aMeasured concentration of lead in diet.
Includes rats that either died or were sacrificed j_n extremis.

Source: Azar et al. (1973).

the dogs as in rats, it can be stated that chronic exposure to 500 ppm of dietary lead, pro-
ducing prolonged elevation of blood lead to 80 ug/dl and resulting in a concentration of
2.5 ug/g in the kidney can cause elevation in the incidence of kidney tumors.

Animal carcinogenesis studies conducted with lead and its compounds are numerous; how-
ever, with the exception of the study by Azar et al. (1973), they do not provide much useful
information. Most of the studies shown in Table 12-18 were conducted with only one lead com-
pound in one animal species, the rat. In cases where other lead compounds were tested or
where other animal species were used, only a single high dosage level was administered, and
parameters of toxicity such as those monitored in the Azar et al. (1973) study were not mea-
sured. Although it is clear from these studies as a whole that lead is a carcinogen in ex-
perimental animals, until more investigations such as that of Azar et al. (1973) are conducted
it is difficult to determine the relative carcinogenic potency of lead. There remains a need
to test thoroughly the carcinogenic activity of lead compounds in experimental animals. These
tests should include several modes of administration, many dosages spanning non-toxic as well
as toxic levels, and several different lead compounds or at least a comparison of a relatively
water-soluble form such as lead acetate with a less soluble form such as lead oxide.
12.7.2.3 Cell Transformation. Although cell transformation is an in vitro experimental sys-
tem, its end point is a neoplastic change. There are two types of cell transformation assays:
(1) those employing continuous cell lines; and (2) those employing cell cultures prepared from
embryonic tissue. Use of continuous cell lines has the advantage of ease in preparation of
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the cell cultures, but these cells generally have some properties of a cancer cell. The ab-
sence of a few characteristics of a cancer cell in these continuous cell lines allows for an
assay of cell transforming activity. End points include morphological transformation (ordered
cell growth to disordered cell growth), ability to form colonies in soft agar-containing
medium (a property characteristic of cancer cells), and ability of cells to form tumors when
inoculated into experimental animals. Assays that utilize freshly isolated embryonic cells
are generally preferred to those that use cell lines, because embryonic cells have not yet
acquired any of the characteristics of a transformed cell. The cell transformation assay
system has been utilized to examine the potential carcinogenic activity of a number of chemi-
cal agents, and the results seem to agree generally with the results of carcinogenesis tests
using experimental animals. Cell transformation assays can be made quantitative by assessing
the percentage of surviving colonies exhibiting morphological transformation. Verification of
a neoplastic change can be accomplished by cloning these cells and testing their ability to
form tumors in animals.

Lead acetate has been shown to induce morphological transformation in Syrian hamster em-
bryo cells following a continuous exposure to 1 or 2.5 ug/ml of lead in culture medium for
nine days (DiPaolo et al., 1978). The incidence of transformation increased from 0 percent in
untreated cells to 2.0 and 6.0 percent of the surviving cells, respectively, following treat-
ment with lead acetate. Morphologically transformed cells were capable of forming fibrosarco-
mas when cloned and administered to "nude" mice and Syrian hamsters, while no tumor growth re-
sulted from similar inoculation with untreated cells (DiPaolo et al., 1978). In the same
study, lead acetate was shown to enhance the incidence of simian adenovirus (SA-7) induction
of Syrian hamster embryo cell transformation. Lead acetate also caused significant enhance-•»
ment (~2- to 3- fold) at 100 and 200 ug/ml following three hours of exposure. In another
study (Casto et al., 1979), lead oxide also enhanced SA-7 transformation of Syrian hamster
embryo cells almost 4-fold at 50 uM following three hours of exposure (Casto et al., 1979).
The significance of enhanced virally induced carcinogenesis in relationship to the carcino-
genic potential of an agent is not well understood.

Morphological transformation induced by lead acetate was correlated with the ability of
the transformed cells to form tumors in appropriate hosts (see above), indicating that a truly
neoplastic change occurred in tissue culture. The induction of neoplastic transformation by
lead acetate suggests that this agent is potentially carcinogenic at the cellular level. How-
ever, with j_n vitro systems such as the cell transformation assay it is essential to compare
the effects of other, similar types of carcinogenic agents in order to evaluate the response
and to determine the reliability of the assay. The incidence of transformation obtained with
lead acetate was greater than the incidence following similar exposure to Nid2, but less than
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that produced by CaCr04 (Heck and Costa, 1982a). Both nickel and chromium have been impli-
cated in the etiology of human cancer (Costa, 1980). These results thus suggest that lead
acetate has effects similar to those caused by other metal carcinogens. In particular, the
ability of lead acetate to induce neoplastic transformation in cells in a concentration-depen-
dent manner is highly suggestive of potential carcinogenic activity. It should also be noted
that lead acetate induced these transformations at concentrations that decreased cell survival
by only 27 percent (DiPaolo et al., 1978). Further studies from other laboratories utilizing
the cell transformation assay and other lead compounds are needed.

12.7.3 Genotoxicity of Lead
Since cancer is known to be a disease of altered gene expression, numerous studies have

evaluated changes in DMA consequent to exposure to suspected carcinogenic agents. The general
response associated with such alterations in regulation of DMA function has been called geno-
toxicity. Various assay systems developed to examine specific changes in DMA structure and
function caused by carcinogenic agents include assays that evaluate chromosomal aberrations,
sister chromatid exchange, mutagenicity, and functional and structural features of DNA meta-
bolism. Lead's effects on these parameters are discussed below.
12.7.3.1 Chromosomal Aberrations. Two approaches have been used in the analysis of effects
of lead on chromosomal structure. The first approach involves culturing lymphocytes either
from humans exposed to lead or from experimental animals given a certain dosage of lead. The
second approach involves exposing cultured lymphocytes directly to lead. For present pur-
poses, emphasis will not be placed on the type of chromosomal aberration induced, since most
of the available studies do not appear to associate any specific type of chromosomal aberra-
tion with lead exposure. Little is known of the significance of chromosomal aberrations in
relationship to cancer, except that in a number of instances genetic diseases associated with
chromosomal aberrations often enhance the probability of neoplastic disease. However, impli-
cit in a morphologically distinct change in genetic structure is the possibility of an altera-
tion in gene expression that represents a salient feature of neoplastic disease.

Contradictory reports exist regarding the induction of chromosomal aberrations in lympho-
cytes froii humans exposed to lead (Tables 12-21 and 12-22). These studies have been grouped
in two separate tables based upon their conclusions. Those studies reporting a positive ef-
fect of lead on chromosomal aberrations are indexed in Table 12-21, whereas studies reporting
no association between lead exposure and chromosomal aberrations are indexed in Table 12-22.
Unfortunately, these studies are difficult to thoroughly evaluate because of many unknown
variables (e.g., absence of sufficient evidence of lead intoxication, no dose-response rela-
tionship, and absence of information regarding lymphocyte culture time). To illustrate, in a
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TABLE 12-21. CYTOGENETIC INVESTIGATIONS OF CELLS FROM INDIVIDUALS EXPOSED TO LEAD: POSITIVE STUDIES

Number of Cell
exposed Number of culture
subjects controls time, hr

B 14 ?

10 10 72

14 5 48

105 - 72

11 - 68-70
(before and after
exposure)

44 15 72

23 20 48

20 20 46-48

26 (4 low, not 72
16 medium, given
6 high ex-
posure)

12 IB 48-72

Lead level in
blood, ug/dl ,
or urine, ug/f

62-89
(blood)

60-100
(blood)

155-720
(urine)

11.6-97.4
mean, 37.7
(blood)

34-64
(blood)

30-75
(blood)

44-95
(not given)

53-100
(blood)

22.5-65
(blood)

24-49
(blood)

Exposed subjects

Workers in a lead
oxide factory

Workers in a chem-
ical factory

Workers in a zinc
plant, exposed to
fumes & dust of
cadmium, zinc &
lead

Blast-furnace work-
ers, metal grin-
ders, scrap metal
processers

Workers in a
lead-acid battery
plant and a lead
foundry

Individuals In a
lead oxide fac-
tory

Lead-acid battery
melters, tin workers

Ceramic, lead, &
battery workers

Smelter workers

Electrical storage
battery workers

Type of damage

Chromatic) and
chromosome

Chromatid gaps,
breaks

Gaps, fragments,
exchanges, dicen-
trics, rings

"Structural ab-
normalities, "
gaps, breaks,
hyperploidy

Gaps, breaks,
fragments

Chromatid and
chromosome
aberrations

Oicentrics,
rings, fragments

Breaks, frag-
ments

Gaps, chroma-
tid and chro-
mosome aberra-
tions

Chromatid and
chromosome aberra-
tions

Remarks

Increase in
chromosomal damage
correlated with
increased ALA
excretion

No correlation with
blood lead levels

Thought to be caused
by lead, not cadmium
or zinc

No correlation with
ALA excretion or
blood lead levels

No correlation
with ALA-D activity
in red cells

Positive correlation
with length of expo-
sure

Factors other than
lead exposure may be
required for severe
aberrations

Positive correlation
with blood lead levels

Positive correlation
with blood lead levels

References

Schwanitz et al.
(1970)

Gath & Thiess
(1972)

Deknudt et al.
(1973)

Schwanitz et al.
(1975)

Forni et al.
(1976)

Garza-Chapa
et al. (1977)

Deknudt et al.
(1977b)

Sarto et al.
(1978)

Nordenson et al.
(1978)

Forni et al.
(1980)

Source: International Agency for Research on Cancer (1980), with modifications.



TABLE 12-22. CYTOGENETIC INVESTIGATIONS OF CELLS FROM INDIVIDUALS EXPOSED TO LEAD: NEGATIVE STUDIES

Number of
exposed subjects

29

32

35

24

Number of
controls

20

20

35

15

Cell culture
tine, hrs

46- 48

46-48

45-48

48

Blood lead
level, ug/dl

Not given, stated
to be 20-30*
higher than controls

Range not given;
highest level was
590 Kg/I [sic]

Control, <4; ex-
posed, 4 - >12

19.3 (lead)
0.4 (cadmium)

Exposed subjects

Policemen "permanently in
contact with high levels of
automotive exhaust"

Workers in lead manufacturing
industry; 3 had acute lead
intoxication
Shipyard workers employed as
"burners" cutting metal struc-
tures on ships

Nixed exposure to zinc, lead,
and cadmium in a zinc-smelting

References

Bauchinger et al.
(1972)

Schmid et al. (1972)

O'Riordan and Evans
(1974)

Bauchinger et al.
(1976)

plant; significant increase in
chromatid breaks and exchanges.
Authors suggest that cadmium
was the major cause of this
damage

i — •
rv>i
r-o
COCo

9

30

9

20 •>

72

48

40 ± 5,
for 7 weeks

Control, 11.8-13.2;
exposed. 29-33

Volunteers ingested capsules
containing lead acetate

Children living near a lead
smelter

Bulsma & De France
(1976)

Bauchinger et al.
(1977)

Source: International Agency for Research on Cancer (1980).



number of the studies where lead exposure correlated with an increased incidence of chromosom-
al aberrations (Table 12-21), lymphocytes were cultured for 72 hours. Most cytogenetic stu-
dies have been conducted with a maximum culture time of 48 hours to avoid high background
levels of chromosomal aberrations due to multiple cell divisions during culture. Therefore,
it is possible that the positive effects of lead on chromosomal aberrations may require the
longer culture period in order to be observed. Nonetheless, it is evident that in the negative
studies, the blood lead concentration was generally lower than in the studies reporting a
positive effect of lead on chromosomal aberrations, although in many of the latter instances
blood lead levels indicated severe exposure. In some of these positive studies there was a
correlation in the incidence of gaps, fragments, chromatid exchanges, and other chromosomal
aberrations with blood lead levels (Sarto et al., 1978; Nordenson et al., 1978). However, as
indicated in Table 12-21, in other studies there were no direct correlations between indices
of lead exposure (i.e., ALA excretion) and numbers of chromosomal aberrations. Nutritional
factors such as Ca2 levels J_n vivo or iji vitro are also important since it is possible that
the effects of lead on cells may be antagonized by Ca2 (Mahaffey, 1983; Poirier et al.,
1984). As is usually the case in studies of human populations exposed to lead, exposure to
other metals (zinc, cadmium, and copper) that may produce chromosomal aberrations was preva-
lent. These studies did not attempt to determine the specific lead compound to which the
individuals were exposed.

In a more recent study by Form' et al. (1980), 18 healthy females occupationally exposed
to lead were evaluated for chromosomal aberrations in their lymphocytes cultured for 48 or 72
hours. There were more aberrations at the 72-hour culture time compared with the 48-hour cul-
ture period in both control and lead-exposed groups, but this difference was not statistically
significant. However; statistically significant differences from the 72-hour controls were
noted in the 72-hour culture obtained from the lead exposed group. These results demonstrate
that the extended 72-hour culture time results in increased chromosomal aberrations in the
control lymphocytes and that the longer culture time was apparently necessary to detect the
effects of lead on chromosomal structure. However, the blood lead levels in the exposed fe-
males ranged from 24 to 59 ug/dl, while control females had blood lead levels ranging from 22
to 37 ug/dl. The small effect of lead on chromosomal aberration may be due to the absence of
sufficient differences in the extent of lead exposure. Additionally, many agents that induce
chromosomal aberrations require extended time periods for the lesion to be expressed, as indi-
cated above for lead.

Some studies have also been conducted on the direct effect of soluble lead salts on cul-
tured human lymphocytes. In a study by Beek and Obe (1974), a longer (72-hr) culture time was
used and lead acetate was found to induce chromosomal aberrations at 100 uM. Lead acetate had
no effect on chromatid aberrations induced with X-rays or alkylating agents (Beek and Obe,

12-239



1975). In another study (Deknudt and Deminatti, 1978), lead acetate at 1 and 0.1 mM caused
minimal chromosomal aberrations. Both cadmium chloride (CdCla) and zinc chloride (ZnCla) were
more potent than lead acetate in causing these changes; however, both CdCl2 and ZnCla also
displayed greater toxicity than lead acetate.

Chromosomal aberrations have been demonstrated in lymphocytes from cynomolgus monkeys
treated chronically with lead acetate (6 mg/day, 6 days/week for 16 months), particularly when
they were kept on a low-calcium diet (Deknudt et al., 1977a). These aberrations accompanying a
low-Ca2 diet were characterized by the authors as severe (chromatid exchanges, dispiraliza-
tion, translocations, rings, and polycentric chromosomes). Similar results were observed in
mice (Deknudt and Gerber, 1979). The effect of low calcium on chromosomal aberrations induced
by lead could be due to interaction of Ca2 and Pb2 at the level of the chromosome (Mahaffey,
1983). Leonard and his coworkers found no effect of lead on the incidence of chromosomal ab-
errations in accidentally intoxicated cattle (Leonard et al., 1974) or in mice given 1 g Pb/1
drinking water for 9 months (Leonard et al., 1973). However, Muro and Goyer (1969) found gaps
and chromatid aberrations in bone marrow cells cultured for four days after isolation from
mice that had been maintained on 1 percent dietary lead acetate for two weeks. Chromosomal
loss has been reported (Ahlberg et al., 1972) in Drosophila exposed to triethyl lead (4 mg/1),
but inorganic lead had no effect (Ramel, 1973). Lead acetate has also been shown to induce
chromosomal aberrations in cultured cells other than lymphocytes, viz. Chinese hamster ovary
cells (Bauchinger and Schmid, 1972).

These studies demonstrate that under certain conditions, lead compounds are capable of
inducing chromosomal aberrations i_n vivo and in tissue cultures. The ability of lead to in-
duce these chromosomal changes appears to be concentration-dependent and highly influenced by
calcium levels. In lymphocytes isolated from patients or experimental animals, relatively
long (72-hr) culture conditions are required for the abnormalities to be expressed, indicating
a requirement for cellular processes (e.g., DNA repair) to interact with the hidden lead-
induced DNA lesions to produce a morphologically manifested aberration.
12.7.3.2 Sister Chromatid Exchange. Sister chromatid exchange affords a means of visually
assessing the normal movement of DNA in the genome. The sister chromatid exchange assay offers
a very sensitive probe for the effects of genotoxic compounds on DNA rearrangement, as a
number of chemicals with carcinogenic activity are capable of increasing these exchanges
(Sandberg, 1982). The effect of lead on such movement has been examined in cultured lympho-
cytes (Beek and Obe, 1975), with no increase in exchanges observed at lead acetate concentra-
tions of 0.01 mM. Two more recent studies have examined the effect of human lead exposure on
the incidence of sister chromatid exchange in peripheral blood lymphocytes (Dalpra et al.,
1983; Grandjean et al., 1983). A study by Dalpra et al. (1983) involved an investigation of
the incidence of sister chromatid exchanges in 19 children who lived in a widely contaminated
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area and who showed increased lead absorption. Blood lead levels as well as erythrocyte ALA-D
activity and zinc protoporphyrin in blood were measured in the exposed group as well as in the
12 controls. The exposed group had blood lead levels ranging from 29.3 to 62.7 ug/dl and
ALA-D activity ranging from 8 to 32 erythrocytes. In contrast, the control group had blood
lead values ranging from 10 to 21 ug/dl and ALA-D values ranging from 36 to 78/ml erythro-
cytes. Similarly, zinc protoporphyrin ranged from 65 to 341 ug/dl in the mU/ml exposed group
and from 9 to 38 ug/dl in the controls. Thus, the population studied was well defined with
regard to their exposure to lead. Based upon the measured parameters, the lead exposure was
not severe. The results of an examination of sister chromatid exchange frequencies indicated
no significant differences between the control group and the lead-exposed group. This appears
to be a well-conducted study with excellent documentation of lead exposure in the population.
The study examined the same exposed children that were observed by Form' et al. (1981) in
their study of chromosomal aberrations. Forni et al. (1981), however, found an increased
level of chromosomal aberration after 48- or 72-hr culture times (vide supra), suggesting that
chromosomal aberrations may appear in the absence of detectable sister chromatid exchange
(Dalpra et al., 1983). These findings emphasize the importance of utilizing a battery of test
systems with different endpoints to accurately comprehend the true genotoxic potential of an
agent.

Another recent well-conducted study, by Grandjean et al. (1983), examined the incidence
of sister chromatid exchange in adult lead-exposed men. There was a significant correlation
(p <0.001) between the observed zinc protoporphyrin levels and the incidence of sister chro-
matid exchange in the lead-exposed group. However, there was a poor correlation between blood
lead levels and sister chromatid exchange, which suggested that zinc protoporphyrin levels
were a better indicator of lead exposure than blood lead levels in this study. Interestingly,
during a 4-week cessation of lead exposure, the elevated incidence of sister chromatid ex-
change diminished, together with the zinc protoporphyrin levels and blood lead levels in per-
fused blood lymphocytes. The persistence of the sister chromatid exchange depends to a large
extent upon the proliferation and half-life of the lymphocyte. In workers newly exposed to
lead for four months there were clear increases in lead exposure parameters in the absence of
any increase in the sister chromatid exchange frequency. Collectively, this study demon-
strates for the first time a positive correlation between lead exposure and sister chromatid
exchange. Further, it indicates that the increased sister chromatid exchange is not rapid in
its induction, since it was only observed in lymphocytes after chronic exposure. Additional-
ly, in lymphocytes the increased sister chromatid exchange was reversed when the lead exposure
was decreased. It should be noted, however, that these effects occurred in only one cell type
and the incidence of sister chromatid exchange may be uniquely different for every cell type
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i_n vivo. Nevertheless, these results support the potential injurious role lead may have on
chromosomal structure and function.

The ability of agents such as lead to cause abnormal rearrangements in the structure of
DNA, as revealed by the appearance of chromosomal aberrations and sister chromatid exchanges,
has become an important focus in carcinogenesis research. Current theories suggest that can-
cer may result from an abnormal expression of oncogenes (genes that code for protein products
associated with virally induced cancers). Numerous oncogenes are found in normal human DNA,
but the genes are regulated such that they are not expressed in a carcinogenic fashion. Re-
arrangement of these DNA sequences within the genome is associated with oncogenesis, although
the activation of oncogenes has not been demonstrated to be the cause of tumor induction.
Evidence has been presented suggesting that chromosomal aberrations such as translocations are
associated with certain forms of cancer and with the movement of oncogenes in regions of the
DNA favoring their expression in cancer cells (Shen-Ong et al., 1982). By inducing aberra-
tions in chromosomal structure, lead may enhance the probability of an oncogenic event.
12.7.3.3 Effects on Bacterial and Mammalian Mutagenesis Systems. Bacterial and mammalian
mutagenesis test systems examine the ability of chemical agents to induce changes in DNA
sequences of a specific gene product that is monitored by selection procedures. They measure
the potential of a chemical agent to produce a change in DNA, but this change is not likely to
be the same alteration in gene expression that occurs during oncogenesis. However, if an
agent affects the expression of a particular gene product that is being monitored, then it
could possibly affect other sequences that may result in cancer. Since many carcinogens are
also mutagens, it is useful to employ such systems to evaluate genotoxic effects of lead.

Use of bacterial systems for assaying metal genotoxicity must await further development
of bacterial strains that are appropriately responsive to known mutagenic metals (Rosenkranz
and Poirier, 1979; Simmon, 1979; Simmon et al., 1979; Nishioka, 1975; Nestmann et al., 1979).
Mammalian cell mutagenic systems that screen for specific alterations in a defined gene muta-
tion have not been useful in detecting mutagenic activity with known carcinogenic metals (Heck
and Costa, 1982b). In plants, however, chromosomal aberrations in root tips (Mukherji and
Maitra, 1976) and other mutagenic activity, such as chlorophyll mutations (Reddy and Vaidya-
nath, 1978) and reproductive organ mutations (Lower et al., 1983), have been demonstrated with
lead.
12.7.J.4 Effects on Parameters of DNA Structure and Function. There are a number of very
sensitive techniques for examining the effect of metals on DNA structure and function in in-
tact <:ells. Although these techniques have not been extensively utilized with respect to
meta! compounds, future research will probably be devoted to this area. Considerable work has
been done to understand the effects of metals on enzymes involved in DNA replication.
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Sirover and Loeb (1976) examined effects of lead and other metal compounds upon the
fidelity of replication of DNA by a viral DMA polymerase. High concentrations of metal ions
(in some cases in the millimolar- range) were required to decrease the fidelity of replication,
but there was a good correlation between metal ions that are carcinogenic or mutagenic and
their activity in decreasing the fidelity of-DNA replication. This assay system measures the
ability of a metal ion to incorporate incorrect (non-homologous) bases using a defined poly-
nucleotide template. In an intact cell, this would cause the induction of a mutation if the
insertion of an incorrect base is phenotypically expressed. Since the interaction of metal
ions with cellular macromolecules is relatively unstable, misincorporation of a base during
semi-conservative DNA replication or during DNA repair synthesis following the induction of a
DNA lesion with a metal could alter the base sequence of the DNA in an intact cell. Lead at
4 mM was among the metals listed as mutagenic or carcinogenic that caused a decrease in the
fidelity of replication (Sirover and Loeb, 1976). Other metals active in decreasing fidelity
included: Ag*. Be2+, Cd2+, Co2+, Cr2*, Cr3*, Cu2"*", Mn2+, and Ni2+. Metals that decreased
fidelity are metals also implicated as carcinogenic or mutagenic (Sirover and Loeb, 1976).

In a similar study, Hoffman and Niyogi (1977) demonstrated that lead chloride was the
most potent of 10 metals tested in inhibiting RNA synthesis (i.e., Pb2+ > Cd2+ > Co2+ > Mn2* >
Li > Na > K ) for both types of templates tested, i.e., calf thymus DNA and T4 phage DNA.
These results were explained in terms of the binding of these metal ions more to the bases
than to the phosphate groups of the DNA (i.e., Pb2+ > Cd2+ > Zn2+ > Mn2"*" > Mg2* > Li+ = Na+ =
K ). Additionally, metal compounds, such as lead chloride, with carcinogenic or mutagenic
activity were found to stimulate mRNA chain initiation at 0.1 mM concentrations.

These well-conducted mechanistic studies provide evidence that lead can affect a molecu-
lar process associated with normal regulation of gene expression. Although far removed from
the intact cell situation, these effects suggest that lead may be genotoxic. In a related
study, lead sulfate along with numerous other toxic and carcinogenic metals was shown to cause
an S-phase specific cell cycle block (Costa et al., 1982). A significant effect of lead was
observed at 20 uM. These results indicate that this metal will interfere with the normal syn-
thesis and replication of DNA. A recent study has examined the ability of lead acetate to in-
duce strand breaks and DNA repair synthesis in cultured mammalian cells (Robinson et al.,
1984). Lead acetate was slightly more potent than NiCl2 in inducing true DNA single strand
breaks, based upon neutral nucleoid gradient analysis, but was considerably less potent than
CaCr04 or HgCl2 (Robinson et al., 1984). Lead acetate also caused induction of DNA repair
synthesis based upon analysis with CsCl equilibrium density gradient sedimentation. DNA
repair synthesis was elevated about 10-fold above the control level at 200 uM lead acetate
exposure for 1 hr (Robinson et al., 1984). These results further support the concept that
lead can have effects upon the DNA.
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12.7.4 Lead as an Initiator and Promoter of Carcinogenesis
An agent may act as a carcinogen in two distinct ways: (1) as an initiator; or (2) as a

promoter (Weisburger and Williams, 1980). By definition, an initiator must be able to inter-
act with DNA to produce a genetic alteration, whereas a promoter acts in a way that allows the
expression of an altered genetic change responsible for cancer. Since lead is capable of
transforming cells directly in culture and affecting DNA-to-DNA and DNA-to-RNA transcription,
it may have some initiating activity. Its ability to induce chromosomal aberrations is also
indicative of initiating activity. The ability of lead to induce proliferation in the kidney
as indicated by increased DNA, RNA, and protein synthesis suggests that it may also have pro-
moting activity in cancer target tissues (Choie and Richter, 1974a,b). Its similarity to Ca2

suggests that it may alter regulation of this cation in processes (e.g., cell growth) related
to promotion (see Section 12.3.5). A recent study, demonstrating that subsequent administra-
tion of basic lead acetate greatly enhances the development of renal tubular cell tumors in
rats previously treated with n-ethyl-n-hydroxyethylnitrosamine, indicates a promotional role
of this agent as well (Hiasa et al., 1983). Thus, evidence is accumulating to suggest that
lead and its compounds are complete carcinogens possessing both initiating and promoting
activity.

12.7.5 Summary and Conclusions
It is evident from studies reviewed above that, at relatively high concentrations, lead

displays some carcinogenic activity in experimental animals such as the rat. Lead may act
either as an initiator or promoter of carcinogenic activity, because it has genotoxic pro-
perties related to cancer initiation, as well as cellular effects related to the promotion or
expression of cancer. The presence of intranuclear lead inclusion bodies in the kidney may
pertain to lead's carcinogenic effects, since both the formation of these bodies and the in-
duction of tumors occur at relatively high doses of lead. Evidence exists for the presence of
these inclusion bodies in kidneys from experimental apimals treated with lead and also in one
well documented human case report of renal cancer associated with excessive lead exposure.
The interaction of lead with key non-histone chromosomal proteins in the nucleus to form the
inclusion bodies or the presence of inclusion bodies in the nucleus may alter genetic func-
tion, thus leading to cell transformation. Obviously, elucidating the mechanism of lead car-
cinngenesis requires further research efforts and only theories can be formulated regarding
its oncogenic action at present.

It is hard to draw clear conclusions concerning what role lead may play in the induction
of human neoplasia. Epidemiological studies of lead-exposed workers provide no definitive
findings. However, statistically significant elevations in respiratory tract and digestive
system cancer in workers exposed to lead and other agents warrant concern. Also, since lead
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acetate can produce renal tumors in some experimental animals, it may be prudent to assume
that lead compounds may be carcinogenic in humans, as was concluded by the International
Agency for Research on Cancer (1980). However, this statement is qualified by noting that
lead has been observed to increase tumorigenes is rates in animals only at relatively high
concentrations, and therefore it does not appear to be a potent carcinogen. A recent epidemi-
ological study and two case reports suggest the possible association of lead exposure with
the induction of kidney tumors in humans; however, several other epidemiological studies have
not thus far demonstrated a significant excess of kidney tumors in lead workers, In vitro
studies further support the genotoxic and carcinogenic role of lead, but also indicate that
lead is not potent in these systems either.
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12.8 EFFECTS OF LEAD ON THE IMMUNE SYSTEM
12.8.1 Development and Organization of the Immune System

Component cells of the immune system arise from a pool of piuripotent stem cells in the
yolk sack and liver of the developing fetus and in the bone marrow and spleen of the adult.
Stem cell differentiation and maturation follows one of several lines to produce lymphocytes,
macrophages, and polymorphonuclear leukocytes. These cells have important roles in immunolog-
ical function and host defense.

The predominant lymphocyte class develops in the thymus, which is derived from the third
and fourth pharyngeal pouches at 9 weeks of gestation in man (day 9 in mice). In the thymus
microenvironment, they acquire characteristics of thymus-derived lymphocytes (T-cells), then
migrate to peripheral thymic-dependent areas of the spleen and lymph nodes. T-cells are
easily distinguished from other lymphocytes by genetically defined cell surface markers that
allow them to be further subdivided into immunoregulatory helper and suppressor T-cells.
T-cells also participate directly as cytolytic effector cells against virally infected host
cells, malignant cells, and foreign tissues, as well as in delayed-type hypersensitivity (DTH)
reactions where they elaborate lymphokines that modulate the inflammatory response. T-cells
are long-lived lymphocytes and are not readily replaced. Thus, any loss or injury to T-cells
may be detrimental to the host and may result in increased susceptibility to viral, fungal,
bacterial, or parasitic diseases. Individuals with acquired immune deficiency syndrome (AIDS)
are examples of individuals with T-cell dysfunction. There is ample evidence that depletion
by environmental agents of thymocytes or stem cell progenitors during lymphoid organogenesis
can produce permanent immunosuppression.

The second major lymphocyte class differentiates from a lymphoid stem-cell in a yet un-
defined site in man, which would correspond functionally to the Bursa of Fabricius in avian
species. In man, B-lymphocyte maturation and differentiation probably occur embryologically
in gut-associated lymphoid tissue (GALT) and fetal liver, as well as adult spleen and bone
marrow. This is followed by the peripheral population of thymic-independent areas of spleen
and lymph nodes. Bone marrow-derived lymphocytes (B-cells), which mature independently of the
thymus, possess specific immunoglobulin receptors on their surfaces. The presence of cell
surface immunoglobulin (slg) at high density is the major characteristic separating B-cells
from T-cells. Following interaction with antigens and subsequent activation, B-lymphocytes
proliferate and differentiate into antibody-producing plasma cells. In contrast to the
long-lived T-cell, B-cells are rapidly replaced by newly differentiating stem cells.
Therefore, lesions in the B-cell compartment may be less serious than those in the T-cell
compartment since they are more easily reversed. Insult to B-cells at the stem cell or
terminal maturation stage can result in suppression of specific immunoglobulin and enhanced
susceptibility to infectious agents whose pathogenesis is limited by antibodies.
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Plun'potent stem cells also give rise to lymphocytes whose lineages are still unclear.
Some possess natural cytolytic activity for tumor cells (natural killer cell activity), while
others, devoid of T- and B-cell surface markers (null cells), participate in antibody-depen-
dent cell-mediated cytotoxicity (ADCC). The pluripotent stem cell pool also contains precur-
sors of monocyte-macrophages and polymorphonuclear leukocytes (PMN). The macrophage has a
major role in presentation and processing of certain antigens, in cytolysis of tumor target
cells, and in phagocytosis and lysis of persistent intracellular infectious agents. Also, it
actively phagocytizes and kills invading organisms. Defects in differentiation or function of
PMNs or macrophages predispose the host to infections by bacteria and other agents.

This introduction should make it evident that the effects of an element such as lead on
the immune system may be expressed in complex or subtle ways (see also Section 12.3.5.3.5).
In some cases, lead might produce a lesion of the immune system not resulting in markedly
adverse health effects, especially if the lesion did not occur at an early stem cell stage or
during a critical point in lymphoid organogenesis. On the other hand, some lead-induced
immune system effects might adversely affect health through increasing susceptibility to
infectious agents or neoplastically transformed cells if, for example, they were to impair
cytocidal or bactericidal function.

12.8.2 Host Resistance
One way of ascertaining if a chemical affects the immune response of an animal is to

challenge an exposed animal with a pathogen such as an infectious agent or oncogen. This pro-
vides a general approach to determine if the chemical interferes with host immune defense
mechanisms. Host defense is a composite of innate immunity, -part of which is phagocyte activ-
ities, and acquired immunity, which includes B- and T-lymphocyte and enhanced phagocyte reac-
tivities. Analysis of host resistance constitutes a holistic approach. However, dependent on
the choice of the pathogen, host resistance can be evaluated somewhat more selectively.
Assessment of host resistance to extracellular microbes such as Staphylococci, Salmonella
typhitnurium, Escherichia coli, or Streptococcus pneumom'ae and to intracellular organisms such
as Listen'a monocytogenes or Candida alblcans primarily measures intact humoral immunity and
cell-mediated immunity, respectively. Immune defense to extracellular organisms requires
T-lymphocyte, B-lymphocyte, and macrophage interactions for the production of specific anti-
bodies to activate the complement cascade and to aid phagocytosis. Antibodies can also
directly neutralize some bacteria and viruses. Resistance to intracellular organisms requires
T-lymphocyte and macrophage interactions for T-lymphocyte production of lymphokines, which
further enhance immune mechanisms including macrophage bactericidal activities. An additional
T-lymphocyte subset, the cytolytic T-cell, is involved in resistance to tumors; immune
defenses against tumors are also aided by NK- and K-lymphocytes and macrophages.
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12.8.2.1 Infectivity Models. Numerous studies designed to assess the influence of lead on
host resistance to infectious agents consistently have shown that lead impairs host resis-
tance, regardless of whether the defense mechanisms are predominantly dependent on humoral- or
cell-mediated immunity (Table 12-23).

TABLE 12-23. EFFECT OF LEAD ON HOST RESISTANCE TO INFECTIOUS AGENTS

Species

Mouse

Rat

Rat

Mouse

Mouse

Mouse

Mouse

Infectious agent

S. typhimurium

E. coli

S. epidermidis

L. monocytogenes

EMCt virus

EMC virus

Langat virus

Lead dose

200 ppm

2 mg/100 g
body weight

2 mg/100 g
body weight

80 ppm

2000 ppm

13 ppm

50 mg/kg
body weight

Lead

i.p.

i. v.

i.v.

oral

oral

oral

oral

exposure

»

»

*

iy
iy
iy
iy

30 days

1 day

1 day

; 4 wk

; 2 wk

; 10 wk

; 2 wk

Mortality*

54%

96%

80%

100%

100%

80%

68%

(13%)

(0%)

(0%)

(0%)

(19%)

(50%)

(0%)

Reference

Hemphill

Cook et

Cook et

et al. (1971)

al. (1975)

al . (1975)

Lawrence (1981a)

Gainer (1977b)

Exon et al

Thind and

. (1979)

Khan (1978)

*The percent mortality is reported for the lowest dose of lead in the study that significantly
altered host resistance. The percent mortality in parentheses is that of the non-lead-treated,
infected control group.

tEMC = encephalomyocarditis virus.

Mice (Swiss Webster) injected i.p. for 30 days with 100 or 250 ug (per 0.5 ml) of lead
nitrate and inoculated with Salmonella typhimurium had higher mortality (54 and 100 percent,
respectively) than non-lead-injected mice (13 percent) (Hemphill et al., 1971). These concen-
trations of lead, by themselves, did not produce any apparent toxicity. Similar results were
observed in rats acutely exposed to lead (one i.v. dose of 2 mg/100 g body weight) and chal-
lenged with Escherichia coli (Cook et al., 1975). In these two studies, lead could have in-
terfered with the clearance of endotoxin from the S^ typhimurium or E. coli, and the animals
may have died from endotoxin shock, and not septicemia, due to the lack of bacteriostatic or
bactericidal activities. However, the study by Cook et al. (1975) also included a non-
endotoxin-producing gram-positive bacterium, Staphylococcus epidermidis, and lead still
impaired host resistance. In another study, lead effects on host resistance to the intra-
cellular parasite Listeria monocytogenes were monitored (Lawrence, 1981a). CBA/J mice orally
exposed to 16, 80, 400, and 2000 ppm lead for four weeks were assayed for viable Listeria
after 48 and 72 hours, and for mortality after 10 days. Only 2000 ppm lead caused significant
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inhibition of early bactericidal activity (48-72 hr), but 80-2000 ppm lead produced 100 per-
cent mortality, compared with 0 percent mortality in the 0-16 ppm lead groups. Other reports
have suggested that host resistance is impaired by lead exposure of rodents. Salaki et al.
(1975) indicated that lead lowered resistance of mice to Staphylococcus aureus, Listen'a, and
Candida, and observed higher incidence of inflammation of the salivary glands in lead-exposed
rats (Grant et al., 1980) may be due, in part, to lead-induced increased susceptibility to
infections.

Inhalation of lead has also been reported to lower host resistance to bacteria.
Schlipkoter and Frieler (1979) exposed NMRI mice to an aerosol of 13-14 ug/m3 lead chloride
and clearance of Serratia marcesens in the lungs was reduced significantly. Microparticles of
lead in lungs of mice were also shown to lower resistance to Pasteurella multocida, in that
6 ug of lead increased the percentage of mortality by 27 percent (Bouley et al., 1977).

Lead has also been shown to increase host susceptibility to viral infections. CD-1 mice,
administered 2,000 and 10,000 ppm lead in drinking water for two weeks and subsequently inocu-
lated with encephalomyocarditis (EMC) virus, had a significant increase in mortality (100 per-
cent at 2,000 ppm; 65 percent at 10,000 ppm) compared with control EMC virus-infected mice (13
percent) (Gainer, 1977b). In another study (Exon et al., 1979), Swiss Webster mice were ex-
posed to 13, 130, 1300, or 2600 ppm lead for 10 weeks in their drinking water and were infec-
ted with EMC virus. Although as low as 13 ppm lead caused a significant increase in mortality
(80 percent) in comparison with the non-lead-treated EMC virus-infected mice (50 percent),
there were no dose-response effects, in that 2600 ppm lead resulted in only 64 percent mortal-
ity. The lack of a dose-response relationship in the two studies with EMC virus (Gainer,
1977b; Exon et al., 1979) suggests that the higher doses of lead may directly inhibit EMC
infectivity as well as host defense mechanisms. Additional studies have confirmed that lead
inhibits host resistance to viruses. Mice treated orally with lead nitrate (10-50 mg/kg/ day)
for two weeks had suppressed antibody titers to Langat virus (Type B arbovirus) and increased
titers of the virus itself (Thind and Singh, 1977), and the lead-inoculated, infected mice had
higher mortalities (25 percent at 10 mg/kg; 68 percent at 50 mg/kg) than the non-lead-infected
mice (0 percent) (Thind and Khan, 1978).

The effects of lead on bacterial and viral infections in humans have never been studied
adequately; there is only suggestive evidence that human host resistance may be lowered by
lead. Children with persistently high blood lead levels who were infected with Shigella
enteritis had prolonged diarrhea (Sachs, 1978). In addition, lead workers with blood lead
levels of 22-89 ug/dl have been reported to have more colds and influenza infections per year
(Ewers et al., 1982). This study also indicated that secretory IgA levels were suppressed
significantly in lead workers with a median blood lead level of 55 ug/dl. Secretory IgA is a
major factor in immune defense against respiratory as well as gastrointestinal infections.
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Hicks (1972) points out that there is need for systematic epidemiologies! studies on the
effects of elevated lead levels on the incidence of infectious diseases in humans. The cur-
rent paucity of information precludes formulation of any clear dose-response relationship for
humans. Epidemiological investigations may help to determine if lead alters the immune system
of man and consequently increases susceptibility to infectious agents and neoplasia.
12.8.2.2 Tumor Models and Neoplasia. The carcinogenicity of lead has been studied both as a
direct toxic effect of lead (see Section 12.7) and as a means of better understanding the
effects of lead on the body's defense mechanisms. Studies by Gainer (1973, 1974) demonstrated
that exposure of CD-1 mice to lead acetate potentiated the oncogenicity of a challenge with
Rauscher leukemia virus (RLV), resulting in enhanced splenomegaly and higher virus titers in
the spleen presumably through an immunosuppressive mechanism. Recent studies by Kerkvliet and
Baecher-Steppan (1982) revealed that chronic exposure of C57BL/6 mice to lead acetate in
drinking water at 130-1300 ppm enhanced the growth of primary tumors induced by Moloney sar-
coma virus (MSV). Regression of MSV-induced tumors was not prevented by lead exposure, and
lead-treated animals resisted late sarcoma development following primary tumor resistance.
Depressed resistance to transplantable MSV tumors was associated with a reduced number of
macrophages, which also exhibited reduced phagocytic activity.

In addition to enhancing the transplantability of tumors or the oncogenicity of leukemia
viruses, lead has also been shown to facilitate the development of chemically induced tumors.
Kobayashi and Okamoto (1974) found that intratracheal dosing of benzo(a)pyrene (BaP) combined
with lead oxide resulted in an increased frequency of lung adenomas and adenocarcinomas over
hamsters exposed to BaP alone. Similarly, exposure to lead acetate enhanced the formation of
N(4'-fluoro-4-biphenyl) acetamide-induced renal carcinomas from 70 to 100 percent and reduced
the latency to tumor appearance (Hinton et al., 1980). Recently, Koller et al. (1985) found
that exposure to lead (2600 ppm in drinking water) for 18 months increased the frequency of
tumors, predominantly renal carcinomas, in rats. Similarly, Schrauzer et al. (1981) found
that adding lead at 5 ppm to drinking water of C3H/St mice infected with Bittner milk factor
diminished the uptake of selenium and reduced its anticarcinogenic effects, causing mammary-»
tumors to appear at the same high incidence as in selenium-unsupplemented controls. Lead
likewise significantly accelerated tumor growth and shortened survival in this model.

The above studies on host susceptibility to various pathogens, including infectious
agents and tumors, indicate that lead could be detrimental to health by methods other than di-
rect toxicity. In order to understand the mechanisms by which lead suppresses host resistance
maintained by phagocytes, humoral immunity, and/or cell-mediated immunity, the immune system
must be dissected into its functional components and the effects of lead on each, separately
and combined, must be examined in order that the mechanism(s) of the immunomodulatory poten-
tial of lead can be understood.
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12.8.3 Humoral Immunity
12.8.3.1 Antibody liters. A low antibody titer in animals exposed to lead could explain the
increased susceptibility of animals to extracellular bacteria and some viruses (see Table
12-24), as well as to endotoxins (Selye et al., 1966; Filkins, 1970; Cook et al., 1974;
Schumer and Erve, 1973; Rippe and Berry, 1973; Truscott, 1970). Specific antibodies can
directly neutralize pathogens, activate complement components to induce lysis, or directly or
indirectly enhance phagocytosis via Fc or C3 receptors, respectively. Studies in animals and
humans have assayed the effects of lead on serum immunoglobulin levels, specific antibody
levels, and complement levels. Analysis of serum immunoglobulin levels is not a good measure
of specific immune reactivity, but it would provide evidence for an effect on B-lymphocyte
development.

TABLE 12-24. EFFECT OF LEAD ON ANTIBODY TITERS

Species Antigen
Lead dose and
exposure

Effect on
antibody titer Reference

Rabbit Pseudorabies virus

Rat S. typhimurium

2,500 ppm; 10 wk Decrease Koller (1973)

5,000-20,000 ppm; 3 wk Decrease Stankovic and Jugo
(1976)

Rat Bovine serum albumin 10-1,000 ppm; 10 wk

Mouse Sheep erythrocytes 0.5-10 ppm ; 3 wk

Decrease Koller et al.
(1983)

Decrease Blakley et al.
(1980)

Lead was administered as tetraethyl lead; other studies used inorganic forms.

Lead had little effect on the serum immunoglobulin levels in rabbits (Fonzi et al.,
1967a), children with blood lead levels of 40 ug/dl (Reigart and Graber, 1976), or lead
workers with 22-89 ug/dl (Ewers et al., 1982). On the other hand, most studies have shown
that lead significantly impairs antibody production. Acute oral lead exposure (50,000 ppm/kg)
produced a decreased titer of anti-typhus antibodies in rabbits immunized with typhus vaccine
(Fonzi et al., 1967b). In New Zealand white rabbits challenged with pseudorabies virus, lead
(oral exposure to 2500 ppm for 70 days) caused a 9-fold decrease in antibody titer to the
virus (Koller, 1973). However, lead has not always been shown to reduce titers to virus.
Vengris and Mare (1974) did not observe depressed antibody titers to Newcastle disease virus
in lead-treated chickens, but their lead treatment was only for 35 days prior to infection.
Lead-poisoned children also had normal anti-toxoid titers after booster immunizations with
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tetanus toxoid (Reigart and Graber, 1976). In another study, Wistar rat dams were exposed to
5,000, 10,000, or 20,000 ppm lead for 20 days following parturition (Stankovic and Jugo,
1976). The progeny were weaned at 21 days of age and given standard laboratory chow for an
additional month. At that time, they were injected with Salmonella typhimurium, and serum
antibody titers were assessed. Each dosage of lead resulted in significantly reduced antibody
titers. More recently, rats (Sprague-Dawley) given 10 ppm lead acetate orally for 10 weeks
had a significant suppression in antibody titers when challenged with bovine serum albumin
(BSA) and compared with BSA-immunized non-lead-exposed rats (Koller-et al., 1983). Develop-
ment of a highly sensitive, quantitative, enzyme-linked immunosorbent assay (ELISA) contrib-
uted to detecting the immunosuppressive activity of lead at this dosage.

Tetraethyl lead also h'as been responsible for reduced antibody titers in Swiss-cross mice
(Blakley et al., 1980). The mice were exposed orally to 0.5, 1.0, and 2.0 ppm tetraethyl lead
for 3 weeks. A significant reduction in hemagglutination titers to sheep red blood cells
(SRBC) occurred at all levels of exposure.
12.8.3.2 Enumeration of Antibody Producing Cells (Plaque-Forming Cells). From the above re-
sults, it appears that lead inhibits antibody production. To evaluate this possible effect at
the cellular level, the influence of lead on the number of antibody-producing cells after pri-
mary or secondary immunization can be assessed. In primary humoral immune responses (mostly
direct), IgM plaque-forming cells (RFC) are measured, whereas in secondary or anamnestic
responses (mostly indirect), IgG RFC are counted. The primary immune response represents an
individual's first contact with a particular antigen. The secondary immune response repre-
sents re-exposure to the same antigen weeks, months, or even years after the primary antibody
response has subsided. The secondary immune response is attributed to persistence, after
initial contact with the antigen, of a substantial number of antigen-sensitive memory cells.
Impairment of the memory response, therefore, results in serious impairment of humoral immun-
ity in the host.

Table 12-25 summarizes the effects of lead on IgM or IgG RFC development. Mice exposed
orally to tetraethyl lead (0.5, 1, or 2 ppm) for three weeks exhibited a significant reduction
in the development of IgM and IgG RFC (Blakley et al., 1980). Mice (Swiss Webster) exposed
orally to 13, 137, or 1375 ppm inorganic lead for eight weeks had reduced numbers of IgM RFC
in each lead-exposed group (Koller and Kovacic, 1974). Even the lowest lead group (13 ppm)
had a decrease. The secondary response (IgG RFC, induced by a second exposure to antigen SRBC
seven days after the primary immunization) was inhibited to a greater extent than the primary
response. This study indicated that chronic exposure to lead produced a significant decrease
in the development of IgM RFC and IgG RFC. When Swiss Webster mice were exposed to 13, 130,
and 1300 ppm lead for 10 weeks and hyperimmunized by SRBC injections at week 1, 2, and 9, the
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TABLE 12-25. EFFECT OF LEAD ON THE DEVELOPMENT OF ANTIBODY-PRODUCING CELLS

Species

Mouse

Mouse

Mouse

Mouse

Mouse

Antigen*

SRBC (in vivo)

SRBC (in vivo)

SRBC (j_n vivo)

SRBC (in vivo)

SRBC (in vivo)
SRBC (Tn vitro + 2-ME)

Lead dose and exposure

13-1370 ppm; 8 wk

0.5-2 ppm tetraethyl lead;
3 wk

13-1370 ppm; 10 wk

4 mg (i.p. or orally)

16-2000 ppm; 1-10 wk
16-80 ppm; 4 wk
2000 ppm; 4 wk

Effectt

IgM PFC (D)
IgG PFC (D)

IgM PFC (D)
IgG PFC (D)

IgG PFC (D)

IgM PFC (I)
IgG PFC (D)

IgM PFC (N)
IgM PFC (I)
IgM PFC (D)

Reference

Koller and
Kovacic
(1974)

Blakley et al.
(1980)

Koller and
Roan (1980a)

Koller et al.
(1976)

Lawrence
(1981a)

Rat

Mouse

Mouse

SRBC (in vivo)

SRBC (j_n vitro)
SRBC (in vitro + 2-ME)

25-50 ppm; pre/postnatal IgM RFC (D)

50-1000 ppm; 3 wk
50-1000 ppm; 3 wk

SRBC (iji vitro + 2-ME) 2-20 ppm (jm vitro)

IgM PFC (D)
IgM PFC

(N or I)

IgM PFC (I)

Luster et al.
(1978)

Blakley and
Archer (1981)

Lawrence
(1981b,c)

*The antigenic challenge with sheep red blood cells (SRBC) was in vivo or in vitro after in
vivo exposure to lead unless otherwise stated. The in vitro assays were performed in the
presence or absence of 2-mercaptoethanol (2-ME). "*

tlgM/G PFC = immunoglobulin M/G pi ague-forming cells; D = decreased response; N = unaltered
response; I = increased response.

memory response as assessed by the enumeration of IgG PFC was significantly inhibited at 1300
ppm (Koller and Roan, 1980a). This suggests that the temporal relationships between lead
exposure and antigenic challenge may be critical. Other studies support this interpretation.
Female Sprague-Dawley rats with pre- and post-natal exposure to lead (25 or 50 ppm) had a
significant reduction in IgM PFC (Luster et al., 1978). In contrast, CBA/J mice exposed
orally to 16-2000 ppm lead for 1-10 weeks did not have altered IgM PFC responses to SRBC
(Lawrence, 1981a). Furthermore, when Swiss Webster mice were exposed to an acute lead dose (4
mg lead orally or i.p.), the number of IgG PFC was suppressed, but the number of IgM PFC was
enhanced (Koller et al., 1976).
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The influence of lead on the development of RFC in mice was assessed further by ui vivo
exposure to lead, removal of spleen cells, and i_n vitro analysis of RFC development. Initi-
ally it appeared that low doses of lead (16 and 80 ppm) enhanced development, and only a high
dose (2000 ppm) inhibited the development of IgM RFC (Lawrence, 1981a). However, a later
study by Blakley and Archer (1981) indicated that 50-1000 ppm lead consistently inhibited IgM
RFC. Through the analysis of mixed cultures of lead-exposed lymphocytes (nonadherent cells)
and unexposed macrophages (adherent cells), and vice versa, as well as of HJ vitro responses
to antigens that do not require macrophage help (i.e., lipopolysaccharide, LPS), their data
indicated that the effects of lead may be at the level of the macrophage. This was substan-
tiated by the fact that 2-mercaptoethanol (2-ME), a compound that can substitute for at least
one macrophage activity, was able to reverse the inhibition by lead. This may explain why _ui
vivo lead exposure (16 and 80 ppm) appeared to enhance the jji vitro IgM RFC responses in the
study by Lawrence (1981a), because 2-ME was present in the j_n vitro assay system. Further-
more, ut vjtro exposure to lead (2 or 20 ppm) in spleen cell cultures with 2-ME enhanced the
development of IgM RFC (Lawrence, 1981b,c).

These experiments indicate that lead modulates the development of antibody-producing
cells as well as serum antibody titers, which supports the notion that lead can suppress hu-
moral immunity. However, it should be noted that the dose and route of exposure of both lead
and antigen may influence the modulatory effects of lead. The adverse effects of lead on hu-
moral immunity may be due more to lead's interference with macrophage antigen processing
and/or antigen presentation to lymphocytes than to direct effects on B-lymphocytes. These
mechanisms require further investigation.

12.8.4 Cell-Mediated Immunity
12.8.4.1 Delayed-Type Hypersensitivity. T-lymphocytes (T-helper and T-suppressor cells) are
regulators of humoral and cell-mediated immunity as well as effectors of two aspects of cell-
mediated immunity. T-cells responsive to delayed-type hypersensitivity (DTH) produce lym-
phokines that induce mononuclear infiltrates and activate macrophages, which are aspects of
chronic inflammatory responses. In addition, another subset of T-cells, cytolytic T-cells,
cause direct lysis of target cells (tumors or antigenically modified autologous cells) when in
contact with the target. To date, the effects of lead on cytolytic T-cell reactivity have not
been measured, but the influence of lead on inducer T-cells has been studied (Table 12-26).
Groups of mice injected i.p. daily for 30 days with 13.7-137 ppm lead were subsequently
sensitized i.v. with SRBC. The DTH reaction was suppressed in these animals in a dose-related
fashion (Muiler et al., 1977). The secondary DTH response was inhibited in a similar fashion.
In another study (Faith et al., 1979), the effects of chronic low-level pre- and postnatal
lead exposure on cellular immune functions in Sprague-Dawley rats were assessed. Female rats
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TABLE 12-26. EFFECT OF LEAD ON CELL-MEDIATED IMMUNITY

Species

Mouse

Rat

Mouse

Mouse

Lead dose and exposure

13.7-137 ppm; 4 wk

25-50 ppm; 8 wk

13-1300 ppm; 10 wk

16-2000 ppm; 4 wk

Parameter*

DTH

DTH

MLC

MLC

Effect

Decrease

Decrease

None

Decrease

Reference

Miiller et al. (1977)

Faith et al. (1979)

Ko11er and Roan (19805)

Lawrence (1981a)

'DTH = delayed-type hypersensitivity; MLC = mixed lymphocyte culture.

vere exposed to 25 or 50 ppm lead acetate continuously for seven weeks before breeding and
.hrough gestation and lactation. The progeny were weaned at three weeks of age and continued
?n the respective lead exposure regimen of their mothers for an additional 14-24 days. Thymic
weights and DTH responses were significantly decreased by both lead dosages. These results
indicate that chronic low levels of lead suppress cell-mediated immune function.

The jm vitro correlate of the analysis of DTH responsive T-cells j_n vivo is the analysis
)f mixed lymphocyte culture (MLC) responsive T-cells. When two populations of allogeneic lynr
uhoid cells are cultured together, cellular interactions provoke blast cell transformation and
proliferation of a portion of the cultured cells (Cerottini and Brunner, 1974; Bach et al.,
.976). The response can be made one-way by irradiating one of the two allogeneic prepara-
;ions, in which case the irradiated cells are the stimulators (allogeneic B-cells and macro-
:ihages) and the responders (T-cells) are assayed for their proliferation. The mixed lympho-
:yte reaction is an HI vitro assay of cell-mediated immunity analogous to jji vivo host versus
.,raft reactions.

Mice (DBA/2J) fed 13, 130, or 1300 ppm lead for 10 weeks were evaluated for responsive-
less in mixed lymphocyte cultures. The 130-ppm lead dose tended to stimulate the lymphocyte
-eaction, although no change was observed at the other dose levels (Koller and Roan, 1980b).
:n another study (Lawrence, 1981a), mice (CBA/J) were fed 16, 80, 400, or 2000 ppm lead for
four weeks. The 16 and 80 ppm doses slightly stimulated, while the 2000 ppm dose suppressed,
:he mixed lymphocyte reaction. It is important to note that in these j_n vitro MLC assays,
?-ME was present in the culture medium, and the 2-ME may have reversed the j_n vivo effects of
ead, as was observed for the _j_n vitro RFC responses (Blakley and Archer, 1981).

The data on the effects of lead on humoral and cell-mediated immunity indicate that |H
/ivo lead usually is immunosuppressive, but additional studies are necessary to fully under-
stand the temporal and dose relationship of lead's immunomodulatory effects. The rn vitro
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analysis of immune cells exposed to lead j_n vivo suggest that the major cell type modified is
the macrophage; the suppressive effects of lead may be readily reversed by thiol reagents
possibly acting as chelators.
12.8.4.3 Interferon. Interferons (IF) are a family of low-molecular-weight proteins which
exhibit antiviral activity in sensitive cells through processes requiring new cellular RNA and
protein synthesis (Stewart, 1979). It has been speculated that the enhanced susceptibility of
lead-treated mice to infectious virus challenge might be due to a decreased capacity of these
animals to produce viral or immune interferons or to respond to them. Studies by Gainer
(1974, 1977a) appeared to resolve this question and indicated that exposure of CD-1 mice to
lead does not inhibit the antiviral action of viral IF i_n vivo or ir\ vitro. In the later of
the two studies, lead exposure inhibited the protective effects of the IF inducers Newcastle
disease virus and poly I:poly C against encephalomyocarditis virus (EMC)-induced mortality.
These data suggest that, although lead did not directly interfere with the antiviral activity
of interferon, it might suppress viral IF production HI vivo. Recently, Blakley et al. (1982)
re-examined this issue and found that female BDFi mice exposed to lead-acetate in drinking
water at concentrations ranging from 50 to 1000 ug/ml for three weeks produced amounts of IF
similar to controls given a viral IF inducer, Tilorone. Similarly, the im vitro induction of
immune IF by the T-cell mitogens—phytohemagglutinin, concanavalin A, and staphylococcal
enterotoxin--in lymphocytes from lead-exposed mice were unaltered compared with controls
(Blakley et al., 1982). Thus, lead exposure does not appear to significantly alter the lym-
phocyte's ability to produce immune interferon. Therefore, it must be assumed that increased
viral susceptibility associated with chronic lead exposure in rodents is by mechanisms other
than interference with production of or response to interferon.

12.8.5 Lymphocyte Activation by Mitogens
Mitogens are lectins that induce activation, blast-cell transformation, and proliferation

in resting lymphocytes. Certain lectins bind specifically to (1) T-cells (i.e., phytohemag-
glutinin [PHA] and concanavalin A [Con A]), (2) B-c^lls (i.e., lipopolysaccharide [IPS] of
gram-negative bacteria), or (3) both (i.e., pokeweed mitogen [PWM]). The resulting blasto-
genic response can be used to assess changes in cell division of T- and B-lymphocytes. The
biological significance of the following studies is difficult to interpret since exposure to
lead was either j_n vivo or HI vitro at different doses and for different exposure periods.
12.8.5.1 In Vivo Exposure. Splenic lymphocytes from Swiss Webster mice exposed orally to
2000 ppm lead for 30 days had significantly depressed proliferative responses to PHA (Table
12-27) which were not observed after 15 days of exposure (Gaworski and Sharma, 1978). Sup-
pression was likewise observed with PWM, a T- and B-cell mitogen. These observations with
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TABLE 12-27. EFFECT OF LEAD EXPOSURE ON M1TOGEN ACTIVATION OF LYMPHOCYTES

Species Lead dose and exposure Mitogen3 Effect Reference

rv,
en

Mice hi vivo. 250 and 2000
ppm, 30 days

Mice In vivo, 13, 130, and 1300
ppm, 10 weeks

Rats In vivo, pre/postnatal
25 and 50 ppm, 7 weeks

Mice In vivo. 0.08-10 mM, 4 weeks

Mice In vivo. 1300 ppm, 8 weeks

Mice In vivo, 50, 200, and 1000 ppm,
T~weeks

Mice In vitro. Ifl'̂ -lO" M for
full culture period

Mice In vitro. 0.1, 0.5, 1.0
Tor full culture period

Mice In vitro, 10"3-10"7 M
Tor 72 hours

PHA (T-Cell)

PWM (T and B-Cell)

Con A (T-Cell)
LPS (B-Cell)

Con A

PHA

Con A. PHA
LPS

Con A. PHA
LPS

Con A, PHA, SEA
LPS

Con A, PHA

LPS

PHA

PWM

LPS

Significantly depressed.at
2000 ppm on day 30 only
Significantly depressed at
2000 pom on both days 15
and 30°

No effect
No effect

Significantly depressed at
25 and 50 ppm
Significantly depressed at
50 ppm only

No effect
Depressed at 2 and 10 mH

Significantly depressed
No effect

Increased to allc

No effect

Slightly increased at
highest dose at day 2, no
effect at day 3.5 b
Increased up to 245X

Increased at all doses by
up to 453X°
Increased by approximately
250X at 0.1 and 0.5 mM only

Increased by up to 312%

Gaworski and
Sharma (1978)

Koller et al. (1979)

Faith et al. (1979)

Lawrence (1981c)

Neilan et al. (1980)

Blakley and Archer (1982)

Lawrence (1981a,b)

Gaworski and
Sharma (1978)

Shenker et al. (1977);
Gallagher et al.
(1979)

aPHA = phytohemagglutinin; PWM = pokeweed mitogen; Con A = concanavalin A; LPS = lipopolysaccharide; SEA = staphylococcal
enterotoxin A.
Difficult to interpret since data were reported only as X of control response rather than CPM of thymidine incorporation.

GUntreated control values unusually low for T-cell response. Lead-treated had much higher response with highest dose
showing cytotoxicity.
Noted white precipitate thought to be lead carbonate in cultures.



T-cell mitogens were confirmed in Sprague-Dawley rats exposed orally to 25 or 50 ppm lead pre-
and postnatally for seven weeks (Faith et al., 1979). Splenic T-cell responses to Con A and
PHA were significantly diminished. A similar depression of Con A and PHA responses occurred
in lymphocytes from C57B1/6 mice exposed to 1300 ppm lead for 8 weeks (Neilan et al., 1980).
Lead impaired blastogenic transformation of lymphocytes by both T-cell mitogens, although the
B-cell proliferative response to IPS was not impaired.

In contrast to reports that lead exposure suppressed the blastogenic response of T-cells
to mitogens, several laboratories have reported that lead exposure does not suppress T-cell
prollferative responses (Koller et al., 1979; Lawrence, 1981c; Blakley and Archer, 1982).
These differences are not easily reconciled since analysis of the lead dose employed and ex-
posure period (Table 12-26) provides little insight into the observed differences in T-cell
responses. In one case, a dose of 2000 ppm for 4 weeks produced a clear depression, while a
lesser dose of 1300 ppm produced no effect at 10 weeks in another laboratory. These data are
confusing and may reflect technical differences in performing the T-cell blastogenesis assay
in different laboratories, a lack of careful attention to lectin response kinetics, or the
influence of suppressor macrophages. Thus, no firm conclusion can be drawn regarding the
ability of i_n vivo exposure to lead to impair the proliferative capacity of T-cells.

The blastogenic response of B-cells to LPS was unaffected in four different i_n vivo stud-
ies at lead exposure levels of 25-1300 ppm (Koller et al., 1979; Faith et al., 1979; Neilan
etal., 1980; Blakley and Archer, 1982). Lawrence (1981c), however, reported that the LPS
response was suppressed after 4 weeks exposure at 2 and 10 mM lead. The weight of the data
suggests that the proliferative response of B-cells to LPS is probably not severely impaired
by lead exposure.
12.3.5.2 In Vitro Exposure. The biological relevance of immunological studies in which lead
was added i_n vitro to normal rodent splenocytes in the presence of a mitogen (Table 12-27) is
questionable since differences probably reflect either a direct toxic or stimulatory effect by
the metal. These models may, however, provide useful information regarding metabolic and
functional responses in lymphocytes using lead as a probe.

In one study, lymphocytes were cultured in the presence of lead (10 , 10 , and 10 M).
A slight but significant increase in lymphocyte transformation occurred on day 2 at the high-
est lead dosage when stimulated with Con A or PHA (Lawrence, 1981b). In a follow-up study

m. 4 — o
where the kinetics of the lectin response were examined (Lawrence, 1981a), lead (10 , 10 ,

.6
and 10 M) significantly suppressed the Con A- and PHA-induced proliferative responses of
lymphocytes on day 2, but not on days 3-5. In yet another i_n vitro exposure study, lympho-
cytes cultured in the presence of 0.1, 0.5, or 1.0 mM lead had a significantly enhanced
response to PHA (Gaworski and Sharma, 1978). It should be kept in mind when considering these
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u\ vitro exposure observations that lead has been demonstrated to be directly mitogenic to
lymphocytes (Shenker et al., 1977). The data discussed here suggest that lead may also be
slightly co-mitogenic with T-cell mitogens. Direct exposure of lymphocytes in culture to lead
can also result in decreased lymphocyte viability (Gallagher et al., 1979). In vitro studies
on the effect of lead on the B-cell blastogenic response to LPS indicated that lead is
potently co-mitogenic with LPS and enhanced the proliferative response of B-cells by 245 per-
cent (Lawrence 1981b,c) to 312 percent (Shenker et al., 1977; Gallagher et al., 1979).

12.8.6 Macrophage Function
The monocyte/macrophage is involved with phagocytosis, bactericidal activity, processing

of complex antigens for initiation of antibody production, interferon production, endotoxin
detoxification, and immunoregulation. Since some of these functions are altered in lead-
treated rodents (Table 12-28), the monocyte/macrophage or comparable phagocytic cell in the
liver has been suggested as a possible cellular target for lead (Trejo et al., 1972; Cook et
al., 1974; Muller et al., 1977; Luster et al., 1978; Blakley and Archer, 1981).

Several laboratories have shown that a single i.v. injection of lead impaired the phago-
cytic ability of the reticuloendothelial system (RES) (Trejo et al., 1972; Cook et al., 1974;
Filkins and Buchanan, 1973). Trejo et al. (1972) found that an i.v. injection of 5 mg lead
impaired vascular clearance of colloidal carbon that resulted from an impaired phagocytic
ability of liver Kupffer cells. Similarly, others have confirmed that lead injected i.v. de-
pressed intravascular clearance of colloidal carbon (Filkins and Buchanan, 1973) as well as a
radiolabeled lipid emulsion (Cook et al., 1974). Opposite effects on RES function have been
seen when lead was given orally (Koller and Roan, 1977). Similarly, Schlick and Friedberg•\
(1981) noted that a 10-day exposure to 10-1000 ug lead enhanced RES clearance and endotoxin
hypersensitivity.

Lead has likewise been demonstrated to suppress macrophage-dependent immune responses
(Blakley and Archer, 1981). Exposure of BDFi mice to lead (50 ppm) for three weeks in drink-
ing water suppressed ni vitro antibody RFC responses to the macrophage-dependent antigens,
sheep red blood cells or dinitrophenyl-Ficoll, but not to the macrophage-independent antigen,
E. coli lipopolysaccharide. The macrophage substitute, 2-mercaptoethanol, and macrophages
from non-exposed mice restored lead-suppressed response. Castranova et al. (1980) found that
cultured rat alveolar macrophages exposed to lead had depressed oxidative metabolism.

The effects of heavy metals on endotoxin hypersensitivity were first observed by Selye et
al. (1966), who described a 100,000-fold increase in bacterial endotoxin sensitivity in rats
given lead acetate. The increased sensitivity to endotoxin was postulated to be due to a
blockade of the RES. Filkins (1970) subsequently demonstrated that endotoxin detoxification
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TABLE 12-28. EFFECT OF LEAD ON MACROPHAGE AND RETICULOENDOTHELIAL SYSTEM FUNCTION

Species
Lead dose
and mode Parameter Effect Reference

roi
rocr>
o

Rat

Rat

Mouse

Guinea Pig

Rat

Mouse

Mouse

2.25 umol,
single intravenous
injection

5 mg,
single intravenous
injection

13, 130, 1300 ppm
oral, 10-12 weeks

-3 _6
10 -10 M, in vitro

_3 _6
10 -10 M, in vitro

50-1000 ppm oral,
3 weeks

10-1000 ug,
10 days, intravenous
injection

Vascular clearance;
lipid emulsion
endotoxin sensitivity

Vascular clearance;
colloidal carbon
endotoxin sensitivity

Phagocytosis

Macrophage migration

Macrophage oxygen
metabolism

Plague-forming cell
response to macrophage
dependent antigens

Vascular clearance

Depressed
Increased

Depressed
Increased

Depressed

Depressed

Depressed

Depressed

Enhanced at
10 days;
no effect
at >30 days

Cook et al. (1974);
Trejo et al. (1972)

Trejo et al. (1972);
Filkins and
Buchanan (1973)

Kerkvliet and Baecher-
Steppan (1982)

Kiremidjian-
Schumacher et al. (1981)

Castranova et al. (1980)

Blakley and Archer
(1981)

Schlick and
Friedberg (1981)

Endotoxin sensitivity Increased



is primarily a hepatic macrophage-mediated event that is profoundly impaired by lead exposure
(Trejo and Di Luzio, 1971; Filkins and Buchanan, 1973). The several types of data described
above suggest that macrophage dysfunction may be contributing to impairment of immune func-
tion, endotoxin detoxification, and host resistance following lead exposure.

12.8.7 Mechanisms of Lead Immunomodulation
The mechanism of toxic action of lead on cells is complex (see Section 12.2). Since lead

has a high affinity for sulfhydryl groups, a likely subcellular alteration accounting for the
immunomodulatory effects of lead on immune cells is its association with cellular thiols.
Numerous studies have indicated that surface and intracellular thiols are involved in lympho-
cyte activation, growth, and differentiation. Furthermore, the study by Blakley and Archer
(1981) suggests that lead may inhibit the macrophage1s presentation of stimulatory products to
the lymphocytes. This process may rely on cellular thiols since the inhibitory effects of
lead can be overcome by an exogenous thiol reagent. Goyer and Rhyne (1973) have indicated
that lead ions tend to accumulate on cell surfaces, thereby possibly affecting surface recep-
tors and cell-to-cell communication. A study by Koller and Brauner (1977) indicated that lead
does alter C3b binding to its cell surface receptor.

12.8.8 Summary
Lead renders animals highly susceptible to endotoxins and infectious agents. Host sus-

ceptibility and the humoral immune system appear to be particularly sensitive. As postulated
in recent studies, the macrophage may be the primary immune target cell of lead. Lead-induced
immunosuppression occurs at low dosages that induce no evident toxicity and, therefore, may be
detrimental to the health of animals and perhaps of humans. The data accumulated to date pro-
vide good evidence that lead affects immunity, but additional studies are necessary to eluci-
date the actual mechanism by which lead exerts its immunosuppressive action. Knowledge of
the effects of lead on the immune system of man is lacking and must be properly ascertained
in order to determine permissible levels for human exposure. However, since this chemical
affects immunity in laboratory animals and is immunosuppressive at very low dosages, its
potential serious effects in man should be carefully considered.
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12.9 EFFECTS OF LEAD ON OTHER ORGAN SYSTEMS
12.9.1 The Cardiovascular System

Lead has long been reported to be associated with cardiovascular effects, at least at
high exposure levels. Some of the older literature bearing on this subject is reviewed here.
In addition, because one of the the best understood pathophysiologic mechanisms of hyperten-
sion in humans is that resulting from renal disease, some clinical evidence linking lead-
induced renal effects to hypertension is discussed in Section 12.5.3.5. (A more detailed
discussion of lead-hypertension relationships, focusing on recently completed studies, can be
found in an Addendum to this document.)

In regard to some of the older literature on lead's cardiovascular effects, Dingwall-
Fordyce and Lane (1963) reported a marked increase in the cerebrovascular mortality rate among
heavily exposed lead workers as compared with the normal expected rate. These workers were
exposed to lead during the first quarter of this century when working conditions were quite
bad. There has been no similar increase in the mortality rate reported for men employed in
recent times.

Cardiovascular structural and functional changes have been noted for both adults and
children with acute lead poisoning, but to date the extent of such studies has been limited.
For example, cases have been described with regard to effects on the myocardium of children,
always with clinical signs of poisoning. There is, of course, the possibility that the co-
existence of lead poisoning and myocarditis is coincidental; but in many cases in which en-
cephalopathy was present, the electrocardiographic abnormalities disappeared with chelation
therapy, suggesting that lead may have indeed been the original etiological factor (Freeman,
1965; Myerson and Eisenhauer, 1963; Silver and Rodriguez-Torres, 1968). Silver and Rodriguez-
Torres (1968) noted abnormal electrocardiograms in 21 of 30 children (70 percent) having symp-
toms of lead toxicity. After chelation therapy, the electrocardiograms remained abnormal in
only four (13 percent) of the patients. In a review of five fatal cases of lead poisoning in
young children, degenerative changes in heart muscle-awere reported to be the proximate cause
of death (Kline, 1960). It is not clear that such morphological changes are a specific re-
sponse to lead intoxication. Kosmider and Petelenz (1962) examined 38 adults over 46 years of
age with chronic lead poisoning. They found that 66 percent had electrocardiographic changes,
a rate that was four times the expected rate for that age group.

Electron microscopy of the myocardium of lead-intoxicated rats (Asokan, 1974) and mice
(Khan et al., 1977) has shown diffuse degenerative changes. The susceptibility of the myo-
cardium to toxic effects of lead was supported by jjn vitro studies in rat mitochondria by Parr
and Harris (1976). These investigators found that the rate of Ca2 removal by rat heart
mitochondria is decreased by 1 nmol Pb/mg protein. Kopp and coworkers have demonstrated de-
pression of contractility, isoproterenol responsiveness, and cardiac protein phosphorylation
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(Kopp et al., 1980a), as well as high-energy phosphate levels (Kopp et al., 1980b) in hearts
of lead-fed rats. Similarly, persistent increased susceptibility to norepinephrine-induced
arrhythmias has been observed in rats fed lead during the first three weeks of life
(Hejtmancik and Williams, 1977, 1978, 1979a,b; Williams et al., 1977a,b).

The cardiovascular effects of lead in conjunction with cadmium have been studied in rats
following chronic low-level exposure by Perry and coworkers (Perry and Erlanger, 1978; Perry
et al., 1979; Kopp et al., 1980a,b). Perry and Erlanger (1978) exposed female weanling Long-
Evans rats to cadmium, lead, or cadmium plus lead (as acetate salts) at concentrations of 0.1,
1.0, or 5.0 ppm in deionized drinking water for up to 18 months. These authors reported sta-
tistically significant increases in systolic blood pressure for both cadmium and lead in the
range of 15-20 mm Hg. Concomitant exposure to both cadmium and lead usually doubled the
pressor effects of either metal alone. A subsequent study (Kopp et al., 1980a) using weanling
female Long-Evans rats exposed to 5.0 ppm cadmium, lead, or lead plus cadmium in deionized
drinking water for 15 or 20 months showed similar pressor effects of these two metals, alone
or in combination, on systolic blood pressure. Electrocardiograms performed on these rats
demonstrated statistically significant prolongation of the mean PR interval. Bundle elec-
trograms also showed statistically significant prolongations. Other, parameters of cardiac
function were not markedly affected. Phosphorus-31 nuclear magnetic resonance (NMR) studies
conducted on perchloric acid extracts of liquid nitrogen-frozen cardiac tissue from these ani-
mals disclosed statistically significant reductions in adenosine triphosphate (ATP) levels and
concomitant increases in adenosine diphosphate (ADP) levels. Cardiac glycerol 3-phosphoryl-
choline (GPC) was also found to be significantly reduced using this technique, indicating a
general reduction of tissue high-energy phosphates by lead or cadmium. Pulse-labeling studies
using 32P demonstrated decreased incorporation of this isotope into myosin light-chain (LC-2)
in all lead or cadmium treatment groups relative to controls.

The results of this group of studies indicate that prolonged low-dose exposure to lead
(and/or cadmium) reduces tissue concentrations of high-energy phosphates in rat hearts and
suggest that this effect may be responsible for decreased myosin LC-2 phosphorylation and
subsequent reduced cardiac contractility. Other experiments by these authors (Kopp et al.,
1980b) were also conducted on isolated perfused hearts of weanling female Long-Evans rats
exposed to cadmium, lead, or lead plus cadmium in deionized drinking water at concentrations
of 50 ppm for 3-15 months. Incorporation of 32P into cardiac proteins was studied following
perfusion on inotropic perfusate containing isoproterenol at a concentration of 7 x 10 M.
Data from these studies showed a statistically significant reduction in cardiac active tension
in hearts from cadmium- or lead-treated rats. Incorporation of 32P was also found to be sig-
nficantly reduced in myosin LC-2 proteins. The authors suggested that the observed decrease
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in LC-2 phosphorylation could be involved in the observed decrease in cardiac active tension
in lead- or cadmium-treated rats.

There are conflicting reports regarding whether lead can cause atherosclerosis in experi-
mental animals. Scroczynski et al. (1967) observed increased serum lipoprotein and choles-
terol levels and cholesterol deposits in the aortas of rats and rabbits receiving large doses
of lead. On the other hand, Prerovska (1973), using similar doses of lead given over an even
longer period of time, did not produce atherosclerotic lesions in rabbits.

Makasev and Krivdina (1972) observed a two-phase change in the permeability of blood ves-
sels (first increased, then decreased permeability) in rats, rabbits, and dogs that received a
solution of lead acetate. A phase change in the content of catecholamines in the myocardium
and in the blood vessels was observed in subacute lead poisoning in dogs (Mambeeva and
Kobkova, 1969). This effect appears to be a link in the complex mechanism of the cardiovas-
cular pathology of lead poisoning.

12.9.2 The Hepatic System
The effect of lead poisoning on liver function has not been extensively studied. In a

study of 301 workers in a lead-smelting and refining facility, Cooper et al. (1973) found an
increase in serum glutamic oxaloacetic transaminase (SCOT) activity in 11.5 percent of
subjects with blood lead levels below 70 ug/dl, in 20 percent of those with blood lead levels
of about 70 ug/dl, and in 50 percent of the workers with blood lead levels of about 100 ug/dl.
The correlation (r = 0.18) between blood lead levels and SGOT was statistically significant.
However, there must also have been exposure to other metals, e.g., cadmium, since there was a
zinc plant in the smelter. In lead workers with moderate effects on the hematopoietic system
and no obvious renal signs, SGOT was not increased compared with controls on repeated examina-
tions (Hammond et al., 1980). In most studies on lead workers, tests for liver function are
not included.

The liver is the major organ for the detoxification of drugs. In Section 12.3.1.3 it is
mentioned that exposure to lead may cause altered drug detoxification rates as a result of in-
terference with the formation of heme-containing cytochrome P-450, which is part of the
hepatic mixed function oxidase system. This enzyme system is involved in the hepatic bio-
transformation of medicaments, hormones, and many environmental chemicals (Remmer et al.,
1966). Whereas a decrease in drug-metabolizing activity clearly has been demonstrated in
experimental animals given large doses of lead resulting in acute toxicity, the evidence for
effects of that type in humans is less consistent. Alvares et al. (1975) studied the effect
of lead exposure on drug metabolism in children. There was no difference between two normal
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children and eight children with biochemical signs of lead toxicity as far as their capacity
to metabolize two test drugs, antipyrine and phenylbutazone. In two acutely poisoned chil-
dren in whom blood levels of lead exceeded 60 ug/dl, antipyrine half-lives were significantly
longer than normal, and therapy with EDTA led to biochemical remission of the disease and
restoration of deranged drug metabolism toward normal. One of the "normal" children in this
study had a blood lead level of 40 ug/dl, but normal ALA-D and EP values. No data were given
on the analytical methods used for indices of lead exposure. Furthermore, the age of the
children varied from 1 to 7.5 years, which is significant because, as pointed out by the
authors, drug detoxification is age-dependent.

Meredith et al. (1977) demonstrated enhanced hepatic metabolism of antipyrine in lead-
exposed workers (PbB: 77-195 ug/dl) following chelation therapy. The significance of this
evidence of restored hepatic mixed oxidase function is, however, unclear because the pretreat-
ment antipyrine biologic half-life and clearance were not significantly different in lead-
exposed and control subjects. Moreover, there were more heavy smokers among the lead-exposed
workers than controls. Smoking increases the drug-metabolizing capacity and may thus counter-
act the effects of lead. Also, the effect of chelation on antipyrine metabolism in non-
exposed control subjects was not determined.

Hepatic drug metabolism was studied by Alvares et al. (1976) in eight adult patients
showing marked effects of chronic lead intoxication on the erythropoietic system. The plasma
elimination rate of antipyrine, which, as noted above, is a drug primarily metabolized by he-
patic microsomal enzymes, was determined in eight subjects prior to and following chelation
therapy. In seven of eight subjects, chelation therapy shortened the antipyrine half-lives,
but the effect was minimal. The authors concluded that chronic lead exposure results in sig-i
nificant inhibition of the heme biosynthetic pathway without causing significant changes in
enzymatic activities associated with hepatic cytochrome P-450.

A confounding factor in the above three studies may be that treatment with EDTA causes an
increase in the glomerular filtration rate (GFR) if it has been reduced by lead (Section
12.5.3.3). This may cause a decrease in the half-lives of drugs. There are, however, no data
on the effect of chelating agents on GFR in children or adults with moderate signs of lead
toxicity.

In 11 children with blood lead levels between 43 and 52 ug/dl, Saenger et al. (1981)
found a decrease in 24-hour urinary 6-beta-hydroxycortisol excretion that correlated closely
(r = 0.85, p <0.001) with a standardized EDTA lead-mobilization test (1000 mg EDTA/m2 body
surface area). This glucocorticoid metabolite is produced by the same hepatic microsomal
mixed-function oxidase system that hydroxylates antipyrine. The authors suggest that the de-
pression of 6-beta-hydroxylation of cortisol in the liver may provide a non-invasive method
for assessing body lead stores in children (Saenger et al., 1981).
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In a few animal studies, special attention has been paid to morphological effects of lead
on the liver. Ledda-Columbano et al. (1983) investigated hepatic cell proliferation in male
Wistar rats given 1,4, or 9, i.v. injections of lead nitrate (5 pmol/100 g body weight) at
10-day intervals. Although body weight was not significantly reduced and liver cell deaths
did not increase, liver weight and DNA activity were both significantly increased. This work
confirmed earlier findings by Columbano et al. (1983) that a single dose of lead nitrate (10
umol/100 g) stimulated hepatic DNA synthesis in rats. Although the authors noted that cell
proliferation could have been due to an adaptive mechanism, such proliferation could also have
significant implications for liver carcinogenesis. More recently these findings were repli-
cated and extended by Dessi et al. (1984), who observed a twofold increase in relative liver
weight in rats 48 hours after an i.v. injection of lead nitrate (10 umol/100 g). The investi-
gators also found various indications of significantly increased cholesterol synthesis and
glucose-6-phosphate dehydragenase, both of which were seen as consistent with the hyperplasia
induced by lead.

White (1977) gave eight beagle dogs oral doses of lead carbonate, 50-100 mg Pb/kg b.w.,
for 3-7 weeks. Lead concentrations were not measured in blood or tissues. Morphological
changes were noted in two dogs exposed from 5 weeks of age to 50 mg/kg. Changes in enzyme
activities were found in most exposed animals; for example, some dehydrogenases showed in-
creased activity after short exposure and decreased activity after longer exposures, mainly in
animals with weight losses. The small number of animals and the absence of data on lead con-
centrations makes it impossible to use these results for risk evaluations.

Hoffmann et al. (1974) noted moderate to marked morphological changes in baboon livers
aftar a single intravenous injection of large doses of lead acetate (25 mg/kg b.w.). It can
be concluded that effects on the liver may be expected to occur only at high exposure levels.
If effects on more sensitive systems, viz., the nervous and hematopoietic systems, are pre-
vented, no adverse effects should be noted in the liver.

12.9.3 The Gastrointestinal System
Colic is usually a consistent early symptom of lead poisoning, warning of much more seri-

ous effects that are likely to occur with continued or more intense lead exposure. Although
most commonly seen in industrial exposure cases, colic is also a lead-poisoning symptom pres-
ent in infants and young children.

Seritic (1971) examined 64 men suffering from abdominal colic due to lead intoxication
through occupational exposure. The diagnosis of lead colic was based on the occurrence of
severe attacks of spasmodic abdominal pain accompanied by constipation, abnormally high copro-
porphyrinuria, excessive basophilic stippling, reticulocytosis, and some degree of anemia (all
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clinical signs of lead poisoning). Thirteen of the 64 patients had blood lead levels of
40-80 |jg/dl upon admission. However, the report did not indicate how recently the patients'
exposures had been terminated or provide other details of their exposure histories.

A more recent report by Dahlgren (1978) focused on the gastrointestinal symptoms of lead
smelter workers whose blood lead levels were determined within two weeks of the termination of
their work exposure. Of 34 workers with known lead exposure, 27 (79 percent) complained of
abdominal pain, abnormal bowel movements, and nausea. Fifteen of the 27 had abdominal pain
for more than 3 months after removal from the exposure to lead. The mean (± SD) blood lead
concentration for this group of 15 was 70 (± 4) ug/dl. There was, however, no correlation
between severity of symptoms and blood lead levels, as those experiencing stomach pain for
less than 3 months averaged 68 (± 9) ug/dl and the remaining 7 workers, reporting no pain at
all, averaged 76 (± 9) ug/dl.

Haenninen et al. (1979) assessed the incidence of gastrointestinal symptoms in 45 workers
whose blood lead levels had been regularly monitored throughout their exposure and had never
exceded 69 ug/dl. A significant association between gastrointestinal symptoms (particularly
epigastric pain) and blood .lead level was reported. This association was more pronounced in
subjects whose maximal blood lead levels had reached 50-69 pg/dl, but was also noted in those
whose blood lead levels were below 50 ug/dl.

Other occupational studies have also suggested a relationship between lead exposure and
gastrointestinal symptoms (Lilis et al., 1977; Irwig et al., 1978a,b; Fischbein et al., 1979,
1980). For demonstrating such a relationship, however, the most useful measure of internal
exposure has not necessarily been blood lead concentrations. Fischbein et al. (1980) surveyed
a cross-section of New York City telephone cable splicers exposed to lead in the process of
soldering cables. Of the 90 workers evaluated, 19 (21 percent) reported gastrointestinal
symptoms related to lead colic. The difference between mean blood lead levels in those
reporting GI symptoms and those not reporting such symptoms (30 versus 27 ug/dl) was not sta-
tistically significant. However, mean zinc protoporphyrin concentrations (67 versus 52 ug/dl)
were significantly different (p <0.02)

Limited experimental work has been devoted to gastrointestinal function either in humans
(Lerza and Fierro, 1958; Mungo and Sessa, 1960) or animals (Mambeeva, 1963; Cory-Slechta
et al., 1980). A recent study of chronically lead-exposed rats by Walsh and Ryden (1984)
indicated that concentrations of lead sufficient to cause renal and hematological toxicity did
not appreciably affect gastrointestinal transit.

Although gastrointestinal symptoms of lead exposure are clinically evident in frank lead
intoxication and may even be present when blood lead levels approach the 30-80 (jg/dl range,
there is currently insufficient information to establish a clear dose-effect relationship for
the general population at ambient exposure levels.
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12.9.4 The Endocrine System
Some evidence exists for other effects of lead on the endocrine system, at least at high

levels of lead exposure. Lead is thought, for example, to decrease thyroid function in man
and experimental animals. Porritt (1931) suggested that lead dissolved from lead pipes by
soft water was the cause of hypothyroidism in individuals living in southwest England. Later,
Kremer and Frank (1955) reported the simultaneous occurrence of myxedema and plumbism in a
house painter. Monaenkova (1957) observed impaired concentration of 131I by thyroid glands .in
10 of 41 patients with industrial plumbism. Subsequently, Zel'tser (1962) showed that iji vivo
131I uptake and thyroxine synthesis by rat thyroid were decreased by lead when doses of 2 and
5 percent lead acetate solution were administered. Robins et al. (1983) reported a clinical
study of 12 workers with blood lead levels of 44 ug/dl or above. Seven of the workers showed
low serum thyroxine and estimated free thyroxine levels. In the same report, the authors also
presented results of a cross-sectional study of 47 workers in which both of these indices of
thyroid function were negatively related to blood lead levels. The effects were more pro-
nounced in black men than in white men. Refowitz (1984) reported that he was unable to corro-
borate the findings of Robins et al. (1983). However, his regression plots of similar thyroid
function indices .consistently showed negative relationships with blood lead levels in 58 work-
ers. Although these results did not achieve statistical significance in Refowitz's (1984)
analysis, they suggested a stronger negative relationship between thyroxine and blood lead
levels in white workers than did the data of Robins et al. (1983).

Uptake of 131I, sometimes decreased in men with lead poisoning, can be offset by treat-
merit with thyroid-stimulating hormone (TSH) (Sandstead et al., 1969; Sandstead, 1967). Lead
may act to depress thyroid function by inhibiting thiol groups or by displacing iodine in a
protein sulfonyl iodine carrier (Sandstead, 1967), and the results suggest that excessive lead
may act at both the pituitary and the thyroid gland itself to impair thyroid function. None
of these effects on the thyroid system, however, have been demonstrated to occur in humans at
blood lead levels below 30-40 ug/dl.

Sandstead et al. (1970a) studied the effects ofJead intoxication on pituitary and adre-
nal function in man and found that it may produce clinically significant hypopituitarism in
some. The effects of lead on adrenal function were less consistent, but some of the patients
showed a decreased responsiveness to an inhibitor (metapyrone) of 11-beta-hydroxylation in the
synthesis of cortisol. This suggests a possible impact of lead on pituitary-adrenal hormone
functions. That excessive oral ingestion of lead may in fact result in pathological changes
in the pituitary-adrenal axis is also supported by other reports (Murashov, 1966; Pines, 1965)
of lead-induced decreased metapyrone responsiveness, a depressed pituitary reserve, and
decreased immunoreactive adrenocorticotrophic hormone (ACTH). These same events may also
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affect adrenal gland function inasmuch as decreased urinary excretion of 17-hydroxy-
corticosteroids was observed in these patients. Furthermore, suppression of responsiveness to
exogenous ACTH in the zona fasciculate of the adrenal cortex has been reported in lead-
poisoned subjects (Makotchenko, 1965), and impairment of the zona glomerulosa of the adrenal
cortex has also been suggested (Sandstead et al., 1970b). Once again, however, none of these
effects on adrenal hormone function have been shown to occur at blood lead levels as low as
30-40 ug/dl.

Other studies provide evidence suggestive of lead exposure effects on endocrine systems
controlling reproductive functions (see also Section 12.6). For example, evidence of abnormal
luteinizing hormone (LH) secretory dynamics was found in secondary lead smelter workers
(Braunstein et al., 1978). Reduced basal serum testosterone levels with normal basal LH
levels, but a diminished rise in LH following stimulation, indicated suppression of
hypothalamic-pituitary function. Testicular biopsies in two lead-poisoned workmen showed
peritubular fibrosis suggesting direct toxic effects of lead in the testes as well as effects
at the hypothalamic-pituitary level. Lancranjan et al. (1975) also reported lead-related
interference with male reproductive functions. Moderately increased lead absorption (blood
lead mean = 52.8 ug/dl) among a group of 150 workmen who had long-term exposure to lead in
varying degrees was said to result in gonadal impairment. The effects on the testes were
believed to be direct, however, in that tests for hypothalamic-pituitary influence were nega-
tive.

In regard to effects of lead on ovarian function in human females, Panova (1972) reported
a study of 140 women working in a printing plant for 1-2 months, where ambient air lead levels
were <7 |jg/m3. Using a classification of various age groups (20-25, 26-35, and 36-40 yr) and
type of ovarian cycle (normal, anovular, and disturbed lutein phase), Panova claimed that sta-
tistically significant differences existed between the lead-exposed and control groups in the
age range 20-25 years. It should be noted that the report does not show the age distribution,
the level of significance, or the data on specificity of the method used for classification.
Also, Zielhuis and Wibowo (1976), in a critical review of the above study, concluded that the
design of the study and presentation of data were such that it was difficult to evaluate the
author's conclusion that chronic exposure to low air lead levels leads to disturbed ovarian
function. Moreover, no consideration was given to the dust levels of lead, an important fac-
tor in print shops. Unfortunately, little else besides the above report exists in the litera-
ture in regard to assessing lead effects on human ovarian function or other factors affecting
human female fertility. Studies offering firm data on maternal variables such as hormonal
state, which is known to affect the ability of the pregnant woman to carry the fetus full-
term, are also lacking, although certain studies do at least indicate that high-level lead
exposure induces stillbirths and abortions (see Section 12.6).
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An animal study by Petrusz et al. (1979) reports that orally administered lead can exert
ts on pituitary and serum gonadotropins, which may represent one mechanism by which lead
:ts reproductive functions. The blood lead levels at which alterations in serum and pitu-

"cT' stimulating hormone were observed in neonatal rats, however, were well in ex-
(jg/dl. (Evidence relating endocrine function to various recently reported lead-

a J effects on human fetal and child development, including effects on growth and
.re is reviewed in an Addendum to this document.)
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12.10 CHAPTER SUMMARY
12.10.1 Introduction

Lead has diverse biological effects in humans and animals. Its effects are seen at the
subcellular level of organellar structures and processes as well as at the overall level of
general functioning that encompasses all systems of the body operating in a coordinated,
interdependent fashion. The present chapter not only categorizes and describes the various
biological effects of lead but also attempts to identify the exposure levels at which such
effects occur and the mechanisms underlying them. The dose-response curve for the entire
range of biological effects exerted by lead is rather broad, with certain biochemical changes
occurring at relatively low levels of exposure and perturbations in other systems, such as the
liver, becoming detectable only at relatively high exposure levels. In terms of relative
vulnerability to deleterious effects of lead, the developing organism generally appears to be
more sensitive than the mature individual. Additional, quantitative examination of overall
exposure-effect relationships for lead is presented in Chapter 13. It should be noted that
lead has no known beneficial biological effects. Available evidence does not demonstrate that
lead is an essential element.

12.10.2 Subcellular Effects of Lead
The biological basis of lead toxicity is its ability to bind to ligating groups in bio-

molecular substances crucial to various physiological functions, thereby interfering with
these functions by, for example, competing with native essential metals for binding sites,
inhibiting enzyme activity, and inhibiting or otherwise altering essential ion transport.
These effects are modulated by the following: 1) the inherent stability of such binding sites
for lead; 2) the compartmentalization kinetics governing lead distribution among body compart-
ments, among tissues, and within cells; and 3) the differences in biochemical organization
across cells and tissues due to their specific functions. Given the complexities introduced
by items 2 and 3, it is not surprising that no single unifying mechanism of lead toxicity
across all tissues in humans and experimental animals has yet been demonstrated.

Insofar as effects of lead on activity of various enzymes are concerned, many of the
available studies concern jji vitro behavior of relatively pure enzymes with marginal relevance
to various effects ui vivo. On the other hand, certain enzymes are basic to the effects of
lead at the organ or organ system level, and discussion is best reserved for such effects in
the summary sections below dealing with lead's effects on particular organ systems. This sec-
tion is mainly concerned with organellar effects of lead, especially those which provide some
rationale for lead toxicity at higher levels of biological organization. Particular emphasis
is placed on the mitochondrion, because this organelle is not only affected by lead in numer-
ous ways but has also provided the most data bearing on the subcellular effects of lead.
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The critical target organelle for lead toxicity in a variety of cell and tissue types
clearly is the mitochondrion, followed probably by cellular and intracellular membranes. The
mitochondria! effects take the form of structural changes and marked disturbances in mitochon-
drial function within the cell, particularly in energy metabolism and ion transport. These
effects in turn are associated with demonstrable accumulation of lead in mitochondria, both jm
vivo and i_n vitro. Structural changes include mitochondrial swelling in a variety of cell
types as well as distortion and loss of cristae, which occur at relatively moderate lead
levels. Similar changes have also been documented in lead workers across a range of ex-
posures.

Uncoupled energy metabolism, inhibited cellular respiration using both succinate and
nicotinamide adenine dinucleotide (NAD)-linked substrates, and altered kinetics of intracellu-
lar calcium have been demonstrated jji vivo using mitochondria of brain and non-neural tissues.
In some cases, the lead exposure level associated with such changes has been relatively low.
Several studies document the relatively greater sensitivity of this organelle in young versus
adult animals in terms of mitochondrial respiration. The cerebellum appears to be particular-
ly sensitive, providing a connection between mitochondrial impairment and lead encephalopathy.
Lead's impairment of mitochondrial function in the developing brain has also been consistently
associated with delayed brain development, as indexed by content of various cytochromes. In
the rat pup, ongoing lead exposure from birth is required for this effect to be expressed,
indicating that such exposure must occur before, and is inhibitory to, the burst of oxidative
metabolism activity that occurs in the young rat at 10-21 days postnatally.

_In vivo lead exposure of adult rats also markedly inhibits calcium turnover in a cellular
compartment of the cerebral cortex that appears to be the mitochondrion. This effect has been
seen at a brain lead level of 0.4 ug/g. These results are consistent with a separate study
showing increased retention of calcium in the brains of lead-dosed guinea pigs. Numerous re-
ports have described the j_n vivo accumulation of lead in mitochondria of kidney, liver,
spleen, and brain tissue, with one study showing that such uptake was slightly more than
occurred in the cell nucleus. These data are not only consistent with deleterious effects of
lead on mitochondria but are also supported by other investigations iji vitro. Significant
decreases in mitochondrial respiration j_n vitro using both NAD-1 inked and succinate substrates
have been observed for brain and non-neural tissue mitochondria in the presence of lead at
micromolar levels. There appears to be substrate specificity in the inhibition of respiration
across different tissues, which may be a factor in differential organ toxicity. Also, a
number of enzymes involved in intermediary metabolism in isolated mitochondria have been ob-
served to undergo significant inhibition of activity with lead.
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Of particular interest regarding lead's effects on isolated mitochondria are ion trans-
port effects, especially in regard to calcium. Lead movement into brain and other tissue
mitochondria involves active transport, as does calcium. Recent sophisticated kinetic
analyses of desaturation curves for radiolabeled lead or calcium indicate that there is
striking overlap in the cellular metabolism of calcium and lead. These studies not only
establish the basis for the easy entry of lead into cells and cell compartments, but also pro-
vide a basis for lead's impairment of intracellular ion transport, particularly in neural cell
mitochondria, where the capacity for calcium transport is 20-fold higher than even in heart
mitochondria.

Lead is also selectively taken up in isolated mitochondria J_n vitro, including the mito-
chondria of synaptosomes and brain capillaries. Given the diverse and extensive evidence of
lead's impairment of mitochondria! structure and function as viewed from a subcellular level,
it is not surprising that these derangements are logically held to be the basis of dysfunction
of heme biosynthesis, erythropoiesis, and the central nervous system. Several key enzymes in
the heme biosynthetic pathway are intramitochondrial, particularly ferrochelatase. Hence, it
is to be expected that entry of lead into mitochondria will impair overall heme biosynthesis,
and in fact this appears to be the case in the developing cerebellum. Furthermore, rela-
tively moderate levels of lead may be associated with its entry into mitochondria and conse-
quent expressions of mitochondrial injury.

Lead exposure provokes a typical cellular reaction in humans and other species that has
been morphologically characterized as a lead-containing nuclear inclusion body. While it has
been postulated that such inclusions constitute a cellular protection mechanism, such a
mechanism is an imperfect one. Other organelles, e.g., the mitochondrion, also take up lead
and sustain injury in the presence of nuclear inclusion formations.

In theory, the cell membrane is the first organelle to encounter lead and it is not
surprising that cellular effects of lead can be ascribed to interactions at cellular and
intracellular membranes in the form of disturbed ion transport. The inhibition of membrane
(Na ,K )-ATPase of erythrocytes as a factor in lead-impaired erythropoiesis is noted else-
where. Lead also appears to interfere with the normal processes of calcium transport across
membranes of different tissues. In peripheral cholinergic synaptosomes, lead is associated
with retarded release of acetylcholine owing to a blockade of calcium binding to the membrane,
while calcium accumulation within nerve endings can be ascribed to inhibition of membrane
(Na+,K+)-ATPase.

Lysosomes accumulate in renal proximal convoluted tubule cells of rats and rabbits given
lead over a range of dosing. This also appears to occur in the kidneys of lead workers and
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seems to represent a disturbance in normal lysosomal function, with the accumulation of
somes being due to enhanced degradation of proteins because of the effects of lead else*
within the cell.

12.10.3. Effects of Lead on Heme Biosynthesis, Erythropoiesis, and Erythrocyte Physiology
Humans and Animals ———— ———

The effects of lead on heme biosynthesis are well known because of their clinical p
nence and the numerous studies of such effects in humans and experimental animals. The
cess of heme biosynthesis starts with glycine and succinyl-coenzyme A, proceeds through f>
tion of protoporphyrin IX, and culminates with the insertion of divalent iron into the
phyrin ring to form heme. In addition to being a constituent of hemoglobin, heme is
prosthetic group of many tissue hemoproteins having variable functions, such as myoglobin
P-450 component of the mixed-function oxygenase system, and the cytochromes of cellular
getics. Hence, disturbance of heme biosynthesis by lead poses the potential for mult
organ toxicity.

In investigations of lead's effects on the heme synthesis pathway, most attentior
been devoted to the following: (1) stimulation of mitochondrial delta-aminolevulinic
synthetase (ALA-S), which mediates formation of delta-aminolevulinic acid (ALA); (2) d
inhibition of the cytosolic enzyme, delta-aminolevulinic acid dehydrase (ALA-0), which
lyzes formation of porphobilinogen from two units of ALA; and (3) inhibition of inserti
iron (II) into protoporphyrin IX to form heme, a process mediated by ferrochelatase.

Increased ALA-S activity has been found in lead workers as well as in lead-exposed
mals, although an actual decrease in enzyme activity has also been observed in several ex1

mental studies using different exposure methods. It appears, then, that the effect on
activity may depend on the nature of the exposure. Using rat liver cells in culture, AL,
activity was stimulated in vitro at lead levels as low as 5.0 uM or 1.0 ug/g preparation,
increased activity was due to biosynthesis of more enzyme. The blood lead threshold for st
ulation of ALA-S activity in humans, based on a study using leukocytes from lead worke
appears to be about 40 ug/dl. Whether this apparent threshold applies to other ti
depends on how well the sensitivity of leukocyte mitochondria mirrors that in other sys
The relative impact of ALA-S activity stimulation on ALA accumulation at lower lead exp
levels appears to be much less than the effect of ALA-D activity inhibition. ALA-0 act
is significantly depressed at 40 (jg/dl blood lead, the point at which ALA-S activity
begins to be affected.

Erythrocyte ALA-D activity is very sensitive to inhibition by lead. This inhibiti
reversed by reactivation of the sulfhydryl group with agents such as dithiothreitol, zin

12-274



zinc and glutathione. Zinc levels that achieve reactivation, however, are well above physio-
logical levels. Although zinc appears to offset the inhibitory effects of lead observed in
animal studies and in human erythrocytes jji vitro, lead workers exposed to both zinc and lead
do not show significant changes in the relationship of ALA-D activity to blood lead when com-
pared with workers exposed just to lead. Nor does the range of physiological zinc levels in
nonexposed subjects affect ALA-D activity. In contrast, zinc deficiency in animals signifi-
cantly inhibits ALA-D activity, with concomitant accumulation of ALA in urine. Because zinc
deficiency has also been demonstrated to increase lead absorption, the possibility exists for
the following dual effects of such deficiency on ALA-D activity: (1) a direct effect on acti-
vity due to reduced zinc availability; and (2) increased lead absorption leading to further
inhibition of activity.

Erythrocyte ALA-D activity appears to be inhibited at virtually all blood lead levels
measured so far, and any threshold for this effect in either adults or children remains to be
determined. A further measure of this enzyme's sensitivity to lead is a report that rat bone
marrow suspensions show inhibition of ALA-D activity by lead at a level of 0.1 ug/g suspen-
sion. Inhibition of ALA-D activity in erythrocytes apparently reflects a similar effect in
other tissues. Hepatic ALA-D activity in lead workers was inversely correlated with erythro-
cyte activity as well as blood lead levels. Of significance are experimental animal data
showing that (1) brain ALA-D activity is inhibited with lead exposure, and (2) this inhibition
appears to occur to a greater extent in developing animals than in adults, presumably reflec-
ting greater retention of lead in developing animals. In the avian brain, cerebellar ALA-D
activity is affected to a greater extent than that of the cerebrum and, relative to lead con-
centration, shows inhibition approaching that occurring in erythrocytes.

Inhibition of ALA-D activity by lead is reflected by elevated levels of its substrate,
ALA, in blood, urine, and soft tissues. Urinary ALA is employed extensively as an indicator
of excessive lead exposure in lead workers. The diagnostic value of this measurement in pedi-
atric screening, however, is limited when only spot urine collection is done; more satisfac-
tory data are obtainable with 24-hr collections. Numerous independent studies document a
direct correlation between blood lead and the logarithm of urinary ALA in human adults and
children; the blood lead threshold for increases in urinary ALA is commonly accepted as 40
ug/dl. However, several studies of lead workers indicate that the correlation between urinary
ALA and blood lead continues below this value; one study found that the slope of the dose-
effect curve in lead workers depends on the level of exposure.

The health significance of lead-inhibited ALA-D activity and accumulation of ALA at lower
lead exposure levels is controversial. The "reserve capacity" of ALA-D activity is such that
only the level of inhibition associated with marked accumulation of the enzyme's substrate,
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ALA, in accessible indicator media may be significant. However, it is not possible to quan-
tify at lower levels of lead exposure the relationship of urinary ALA to target tissue levels
or to relate the potential neurotoxicity of ALA at any accumulation level to levels in indi-
cator media. Thus, the blood lead threshold for neurotoxicity of ALA may be different from
that associated with increased urinary excretion of ALA.

Accumulation of protoporphyrin in erythrocytes of lead-intoxicated individuals has been
recognized since the 1930s, but it has only recently been possible to quantitatively assess
the nature of this effect via development of sensitive, specific microanalysis methods. Accu-
mulation of protoporphyrin IX in erythrocytes results from impaired placement of iron (II) in
the porphyrin moiety in heme formation, an intramitochondrial process mediated by ferrochela-
tase. In lead exposure, the porphyrin acquires a zinc ion in lieu of native iron, thus form-
ing zinc protoporphyrin (ZPP), which is tightly bound in available heme pockets for the life
of the erythrocytes. This tight sequestration contrasts with the relatively mobile nonmetal,
or free, erythrocyte protoporphyrin (FEP) accumulated in the congenital disorder erythropoiet-
ic protoporphyria.

Elevation of erythrocyte ZPP has been extensively documented as exponentially correlated
with blood lead in children and adult lead workers and is currently considered one of the best
indicators of undue lead exposure. Accumulation of ZPP only occurs in erythrocytes formed
during lead's presence in erythroid tissue; this results in a lag of at least several weeks
before its buildup can be measured. The level of ZPP accumulation in erythrocytes of newly
employed lead workers continues to increase after blood lead has already reached a plateau.
This influences the relative correlation of ZPP and blood lead in workers with short exposure
histories. Also, the ZPP level in blood declines much more slowly than blood lead, even after
removal from exposure or after a drop in blood lead. Hence, ZPP level appears to be a more
reliable indicator of continuing intoxication from lead resorbed from bone.

The threshold for detection of lead-induced ZPP accumulation is affected by the relative
spread of blood lead and corresponding ZPP values measured. In young children (<4 yr old),
the ZPP elevation associated with iron-deficiency anemia must also be considered. In adults,
numerous studies indicate that the blood lead threshold for ZPP elevation is about 25-30
^g/dl. In children 10-15 years old, the threshold is about 16 ug/dl; for this age group, iron
deficiency is not a factor. In one study, children over 4 years old showed the same thresh-
old, 15.5 ug/dl, as a second group under 4 years old, indicating that iron deficiency was not
a factor in the study. At 25 ug/dl blood lead, 50 percent of the children had significantly
elevated FEP levels (2 standard deviations above the reference mean FEP).

At blood lead levels below 30-40 ug/dl, any assessment of the EP-blood lead relationship
is strongly influenced by the relative analytical proficiency of measurements of both blood
lead and EP.. The types of statistical analyses used are also important. In a recent detailed

12-276



statistical study involving 2004 children, 1852 of whom had blood lead values below 30 ug/dl,
segmental line and probit analysis techniques were employed to assess the dose-effect thres-
hold and dose-response relationship. An average blood lead threshold for the effect using
both statistical techniques was 16.5 ug/dl for the full group and for those subjects with
blood lead below 30 ug/dl. The effect of iron deficiency was tested for and removed. Of par-
ticular interest was the finding that blood lead values of 28.6 and 35.7 ug/dl corresponded to
EP elevations more than 1 or 2 standard deviations, respectively, above the reference mean in
50 percent of the children. Hence, fully half of the children had significant elevations of
EP at blood lead levels around 30 ug/dl. From various reports, children and adult females
appear to be more sensitive to lead's effects on EP accumulation at any given blood lead
level; children are somewhat more sensitive than adult females.

Lead's effects on heme formation are not restricted to the erythropoietic system. Recent
studies show that the reduction of serum 1,25-dihydroxyvitamin D seen with even low-level lead
exposure is apparently the result of lead-induced inhibition of the activity of renal
1-hydroxylase, a cytochrome P-450 mediated enzyme. Reduction in activity of the hepatic
enzyme tryptophan pyrrolase and concomitant increases in plasma tryptophan as well as brain
tryptophan, serotonin, and hydroxyindoleacetic acid have been shown to be associated with
lead-induced reduction of the hepatic heme pool. The heme-containing protein cytochrome P-450
(an integral part of the hepatic mixed-function oxygenase system) is affected in humans and
animals by lead exposure, especially acute intoxication. Reduced P-450 content correlates
with impaired activity of detoxifying enzyme systems such as aniline hydroxylase and aminopy-
rine demethylase. It is also responsible for reduced 6p-hydroxylation of cortisol in children
having moderate lead exposure.

Studies of organotypic chick and mouse dorsal root ganglion in culture show that the ner-
vous system has heme biosynthetic capability and that not only is such capability reduced in
the presence of lead but production of porphyrinic material is increased. In the neonatal
rat, chronic lead exposure resulting in moderately elevated blood lead is associated with
retarded increases in the hemoprotein cytochrome C and with disturbed electron transport in
the developing cerebral cortex. These data parallel effects of lead on ALA-D activity and ALA
accumulation in neural tissue. When both of these effects are viewed in the toxicokinetic
context of increased retention of lead in both developing animals and children, there is an
obvious and serious potential for impaired heme-based metabolic function in the nervous system
of lead-exposed children.

As can be concluded from the above discussion, the health significance of ZPP accumula-
tion rests with the fact that it is evidence of impaired heme and hemoprotein formation in
many tissues that arises from entry of lead into mitochondria. Such evidence for reduced heme
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synthesis is consistent with a great deal of data documenting lead-associated effects on mito-
chondria. The relative value of the lead-ZPP relationship in erythropoietic tissue as an
index of this effect in other tissues hinges on the relative sensitivity of the erythropoietic
system compared with other organ systems. One study of rats exposed over their lifetime to
low levels of lead demonstrated that protoporphyrin accumulation in renal tissue was already
significant at levels of lead exposure which produced little change in erythrocyte porphyrin
levels.

Other steps in the heme biosynthesis pathway are also known to be affected by lead, al-
though these have not been as well studied on a biochemical or molecular level. Coproporphy-
rin levels are increased in urine, reflecting active lead intoxication. Lead also affects the
activity of the enzyme uroporphyrinogen-I-synthetase in experimental animal systems, resulting
in an accumulation of its substrate, porphobilinogen. The erythrocyte enzyme has been report-
ed to be much more sensitive to lead than the hepatic species, presumably accounting for much
of the accumulated substrate. Unlike the case with experimental animals, lead-exposed humans,
show no rise in urinary porphobilinogen, which is a differentiating characteristic of lead
intoxication versus the hepatic porphyrias. Ferrochelatase is an intramitochondrial enzyme,
and impairment of its activity, either directly by lead or via impairment of iron transport to
'the enzyme, is evidence of the presence of lead in mitochondria.

Anemia is a manifestation of chronic lead intoxication and is characterized as mildly
hypochromic and usually normocytic. It is associated with reticulocytosis, owing to shortened
cell survival, and the variable presence of basophilic stippling. Its occurrence is due to
both decreased production and increased rate of destruction of erythrocytes. In young chil-
dren (<4 yr old), iron deficiency anemia is exacerbated by lead uptake, and vice versa. Hemo-
globin production is negatively correlated with blood lead in young children, in whom iron
deficiency may be a confounding factor, as well as in lead workers. In one study, blood lead
values that were usually below 80 ug/dl were inversely correlated with hemoglobin content. In
these subjects no iron deficiency was found. The blood lead threshold for reduced hemoglobin
content is about 50 ug/dl in adults and somewhat lower (~40 ug/dl) in children.

The mechanism of lead-associated anemia appears to be a combination of reduced hemoglobin
production and shortened erythrocyte survival due to direct cell injury. Lead's effects on
hemoglobin production involve disturbances of both heme and globin biosynthesis. The hemoly-
tic component to lead-induced anemia appears to be caused by increased cell fragility and in-
creased osmotic resistance. In one study using rats, the hemolysis associated with vitamin E
deficiency, via reduced cell deformability, was exacerbated by lead exposure. The molecular
basis for increased cell destruction rests with inhibition of (Na , K )-ATPase and pyrimidine-
5'-nucleotidase. Inhibition of the former enzyme leads to cell "shrinkage" and inhibition of
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the latter results in impaired pyrimidine nucleotide phosphorolysis and disturbance of the
activity of the purine nucleotides necessary for cellular energetics.

In lead intoxication, the presence of both basophilic stippling and anemia with a hemo-
lytic component is due to inhibition by lead of the activity of pyr.imidine-5'-nucleotidase
(Py-5-N), an enzyme that mediates the dephosphorylation of pyrimidine nucleotides in the
maturing erythrocyte. Inhibition of this enzyme by lead has been documented in lead workers,
lead-exposed children, and experimental animal models. In one study of lead-exposed children,
there was a negative correlation between blood lead and enzyme activity, with no clear re-
sponse threshold. A related report noted that, in addition, there was a positive correlation
between cytidine phosphate and blood lead and an inverse correlation between pyrimidine
nucleotide and enzyme activity.

The metabolic significance of Py-5-N inhibition and cell nucleotide accumulation is that
they affect erythrocyte stability and survival as well as potentially affect mRNA and protein
synthesis related to globin chain synthesis. Based on one study of children, the threshold
for the inhibition of Py-5-N activity appears to be about 10 ug/dl blood lead. Lead's inhibi-
tion of Py-5-N activity and a threshold for such inhibition are not by themselves the issue.
Rather, the issue is the relationship of such inhibition to a significant level of impaired
pyrimidine nucleotide metabolism and the consequences for erythrocyte stability and function.
The relationship of Py-5-N activity inhibition by lead to accumulation of its pyrimidine
nucleotide substrate is analogous to lead's inhibition of ALA-D activity and accumulation of
ALA.

Tetraethyl lead and tetramethyl lead, components of leaded gasoline, undergo transforma-
tion i_n vivo to neurotoxic trialkyl metabolites as well as further conversion to inorganic
lead. Hence, one might anticipate that exposure to such agents may result in effects commonly
associated with inorganic lead, particularly in terms of heme synthesis and erythropoiesis.
Various surveys and case reports show that the habit of sniffing leaded gasoline is associated
with chronic lead intoxication in children from socially deprived backgrounds in rural or re-
mote areas. Notable in these subjects is evidence of impaired heme biosynthesis, as indexed
by significantly reduced ALA-D activity. In several case reports of frank lead toxicity from
habitual leaded gasoline sniffing, effects such as basophilic stippling in erythrocytes and
significantly reduced hemoglobin have also been noted.

The role of lead-associated disturbances of heme biosynthesis as a possible factor in
neurological effects of lead is of considerable interest due to the following: (1) simi-
larities between classical signs of lead neurotoxicity and several neurological components of
the congenital disorder acute intermittent porphyria; and (2) some of the unusual aspects of
lead neurotoxicity. There are three possible points of connection between lead's effects on
heme biosynthesis and the nervous system. Associated with both lead neurotoxicity and acute
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intermittent porphyria is the common feature of excessive systemic accumulation and excretion
of ALA. In addition, lead neurotoxicity reflects, to some degree, impaired synthesis of heme
and hemoproteins involved in crucial cellular functions; such an effect on heme is now known
to be relevant within neural tissue as well as in non-neural tissue.

Available information indicates that ALA levels are elevated in the brains of lead-
exposed animals and arise through i_n situ inhibition of brain ALA-D activity or through trans-
port of ALA to the brain after formation in other tissues. ALA is known to traverse the
blood-brain barrier. Hence, ALA is accessible to, or formed within, the brain during lead
exposure and may express its neurotoxic potential.

Based on various i_n vitro and i_n vivo neurochemical studies of lead neurotoxicity, it
appears that ALA can inhibit release of the neurotransmitter gamma-aminobutyric acid (GABA)
from presynaptic receptors at which ALA appears to be very potent even at low levels. In an
jn vitro study, ALA acted as an agonist at levels as low as 1.0 uM ALA. This ui vitro obser-
vation supports results of a study using lead-exposed rats in which there was inhibition of
both resting and K -stimulated release of preloaded 3H-GABA from nerve terminals. The obser-
vation that vn vivo effects of lead on neurotransmitter function cannot be duplicated with HI
vitro preparations containing added lead is further evidence of an effect of some agent (other
than lead) that acts directly on this function. Human data on lead-induced associations
between disturbed heme synthesis and neurotoxicity, while limited, also suggest that ALA may
function as a neurotoxicant.

A number of studies strongly suggest that lead-impaired heme production itself may be a
factor in the toxicant's neurotoxicity. In porphyric rats, lead inhibits tryptophan pyrrolase
activity owing to reductions in the hepatic heme pool, thereby leading to elevated levels of
tryptophan and serotonin in the brain. Such elevations are known to induce many of the neuro-
toxic effects also seen with lead exposure. Of great interest is the fact that heme infusion
in these animals reduces brain levels of these substances and also restores enzyme activity
and the hepatic heme pool. Another line of evidence |or the heme-basis of lead neurotoxicity
is that mouse dorsal root ganglion in culture manifests morphological evidence of neural in-
jury with rather low lead exposure, but such changes are largely prevented with co-admini-
stration of heme. Finally, studies also show that heme-requiring cytochrome C production is
impaired along with operation of the cytochrome C respiratory chain in the brain when neonatal
rats are exposed to lead.

Awareness of the interactions of lead and the vitamin D-endocrine system has been grow-
ing. A recent study has found that children with blood lead levels of 33-120 pg/dl showed
significant reductions in serum levels of the hormonal metabolite 1,25-dihydroxyvitamin D
(1,25-(OH)2D). This inverse dose-response relationship was found throughout the range of
measured blood lead values, 12-120 ug/dl, and appeared to be the result of lead's effect on
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the production of the vitamin D hormone. The 1,25-(OH)2D levels of children with blood lead
levels of 33-55 |jg/dl corresponded to the levels that have been observed in children with
severe renal dysfunction. At higher blood lead levels (>62 ug/dl), the 1,25-(OH)2D values
were similar to those that have been measured in children with various inborn metabolic dis-
orders. Chelation therapy of the lead-poisoned children (blood lead levels >62 ug/dl) resulted
in a return to normal 1,25-(OH)2D levels within a short period.

In addition to its well-known actions on bone remodeling and intestinal absorption of
minerals, the vitamin D hormone has several other physiological actions at the cellular level.
These include cellular calcium homeostasis in virtually all mammalian cells and associated
calcium-mediated processes that are essential for cellular integrity and function. In addi-
tion, the vitamin D hormone has newly recognized functions that involve cell differentiation
and essential immunoregulatory capacity. It is reasonable to conclude, therefore, that im-
paired production of 1,25-(OH)2D can have profound and pervasive effects on tissues and cells
of diverse type and function throughout the body.

12.10.4 Neurotoxic Effects of Lead
An assessment of the impact of lead on human and animal neurobehavioral function raises a

number of issues. Among the key points addressed here are the following: (1) the internal
exposure levels, as indexed by blood lead levels, at which various neurotoxic effects occur;
(2) the persistence or reversibility of such effects; and (3) populations that appear to be
most susceptible to neural damage. In addition, the question arises as to the utility of
using animal studies to draw parallels to the human condition.
12.10.4.1 Internal Lead Levels at which Neurotoxic Effects Occur. Markedly elevated blood
lead levels are associated with the most serious neurotoxic effects of lead exposure (includ-
ing severe, irreversible brain damage as indexed by the occurrence of acute or chronic enceph-
alopathic symptoms, or both) in both humans and animals. For most adult humans, such damage
typically does not occur until blood lead levels exceed 120 ug/dl. Evidence does exist, how-
ever, for acute encephalopathy and death occurring in some human adults at blood lead as low
as 100 ug/dl. In children, the effective blood lead level for producing encephalopathy or
death is lower, starting at approximately 80-100 ug/dl. It should be emphasized that, once
encephalopathy occurs, death is not an improbable outcome, regardless of the quality of medi-
cal treatment available at the time of acute crisis. In fact, certain diagnostic or treatment
procedures themselves may exacerbate matters and push the outcome toward fatality if the
nature and severity of the problem are not diagnosed or fully recognized. It is also crucial
to note the rapidity with which acute encephalopathic symptoms can develop or death can occur
in apparently asymptomatic individuals or in those apparently only mildly affected by elevated
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lead body burdens. Rapid deterioration often occurs, with convulsions or coma suddenly ap-
pearing with progression to death within 48 hours. This strongly suggests that even in
apparently asymptomatic individuals, rather severe neural damage probably exists at high blood
lead levels even though it is not yet overtly manifested in obvious encephalopathic symptoms.
This conclusion is further supported by numerous studies showing that overtly lead intoxicated
children with high blood lead levels, but not observed to manifest acute encephalopathic symp-
toms, are permanently cognitively impaired, as are most children who survive acute episodes of
frank lead encephalopathy.

Recent studies show that overt signs and symptoms of neurotoxicity (indicative of both
CNS and peripheral nerve dysfunction) are detectable in some human adults at blood lead levels
as low as 40-60 ug/dl, levels well below blood lead concentrations previously thought to be
"safe" for adult lead exposures. In addition, certain electrophysiological studies of peri-
pheral nerve function in lead workers indicate that slowing of nerve conduction velocities in
some peripheral nerves is associated with blood lead levels as low as 30-50 ug/dl (with no
clear threshold for the effect being evident). These results are indicative of neurological
dysfunctions occurring at relatively low lead levels in non-overtly lead-intoxicated adults.

Other evidence confirms that neural dysfunctions exist in apparently asymptomatic chil-
dren at similar or even lower levels of blood lead. The body of studies on low- or moderate-
level lead effects on neurobehavioral functions in non-overtly lead-intoxicated children, as
summarized in Table 12-2, presents an array of data pointing to that conclusion. At high
exposure levels, several studies point toward average 5-point IQ decrements occurring in
asymptomatic children at average blood levels of 50-70 ug/dl. Other evidence is indicative of
average IQ decrements of about 4 points being associated with blood levels in a 30-50 ug/dl
range. Below 30 ug/dl, the evidence for IQ decrements is quite mixed, with some studies show-
ing no significant associations with lead once other confounding factors are controlled.
S t i l l , the 1-2 point differences in IQ generally seen with blood lead levels in the 15-30
pg/dl range are suggestive of lead effects that are often dwarfed by other socio-hereditary
factors. Moreover, a highly significant linear relationship between IQ and blood lead over
the range of 6 to 47 ug/dl found in low-SES Black children indicates that IQ effects may be
detected without evident threshold even at these low levels, at least in this population of
children. In addition, other behavioral (e.g., reaction time, psychomotor performance) and
electrophysiological (altered EEG patterns, evoked potential measures, and peripheral nerve
conduction velocities) are consistent with a dose-response function relating neurotoxic ef-
fects to lead exposure levels as low as 15-30 ug/dl and possibly lower. Although the com-
parability of blood lead concentrations across species is uncertain (see discussion below),
studies show neurobehavioral effects in rats and monkeys at maximal blood lead levels below
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20 (jg/dl; some studies demonstrate residual effects long after lead exposure has terminated
and blood lead levels have returned to approximately normal levels.

Timing, type, and duration of exposure are important factors in both animal and human
studies. It is often uncertain whether observed blood lead levels represent the levels that
were responsible for observed behavioral deficits or electrophysiological changes. Monitoring
of lead exposures in pediatric subjects in all cases has been highly intermittent or non-
existent during the period of life preceding neurobehavioral assessment. In most studies of
children, only one or two blood lead values are provided per subject. Tooth lead may be an
important cumulative exposure index, but its modest, highly variable correlation to blood
lead, FEP, or external exposure levels makes findings from various studies difficult to com-
pare quantitatively. The complexity of the many important covariates and their interaction
with dependent variable measures of modest validity, e.g., IQ tests, may also account for many
of the discrepancies among the different studies.
12.10.4.2 The Question of Irreversibility. Little research on humans is available on persis-
tence of effects. Some work suggests that mild forms of peripheral neuropathy in lead workers
may be reversible after termination of lead exposure, but little is known regarding the rever-
sibility of lead effects on central nervous system function in humans. A two-year follow-up
study of 28 children of battery factory workers found a continuing relationship between blood
lead levels and altered slow wave voltage of cortical slow wave potentials indicative of per-
sisting CMS effects of lead, and a five-year follow-up of some of the same children revealed
the presence of altered brain stem auditory evoked potentials. Current population studies,
however, will have to be supplemented by longitudinal studies of the effects of lead on
development in order to address the issue of the reversibility or persistence of the neuro-
toxic effects of lead in humans more satisfactorily. (See the Addendum to this document for
a discussion of recent results from prospective studies linking perinatal lead exposure to
postnatal mental development.)

Various animal studies provide evidence that alterations in neurobehavioral function may
be long-lived, with such alterations being evident long after blood lead levels have returned
to control levels. These persistent effects have been demonstrated in monkeys as well as rats
under a variety of learning performance test paradigms. Such results are also consistent with
morphological, electrophysiological, and biochemical studies on animals that suggest lasting
changes in synaptogenesis, dendritic development, myelin and fiber tract formation, ionic
mechanisms of neurotransmission, and energy metabolism.
12.10.4.3 Early Development and the Susceptibility to Neural Damage. On the question of
early childhood vulnerability, the neurobehavioral data are consistent with morphological and
biochemical studies of the susceptibility of the heme biosynthetic pathway to perturbation by
lead. Various lines of evidence suggest that the order of susceptibility to lead's effects is
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as follows: (1) young > adults and (2) female > male. Animal studies also have pointed to
the perinatal period of ontogeny as a particularly critical time for a variety of reasons:
(1) it is a period of rapid development of the nervous system; (2) it is a period when good
nutrition is particularly critical; and (3) it is a period when the caregiver environment is
vital to normal development. However, the precise boundaries of a critical period are not yet
clear and may vary depending on the species and function or endpoint that is being assessed.
One analysis of lead-exposed children suggests that differing effects on cognitive performance
may be a function of the different ages at which children are subjected to neurotoxic expo-
sures. Nevertheless, there is general agreement that human infants and toddlers below the age
of three years are at special risk because of j_n utero exposure (see Addendum), increased
opportunity for exposure because of normal mouthing behavior, and increased rates of lead
absorption due to various factors, e.g., nutritional deficiences.
12.10.4.4 Utility of Animal Studies in Drawing Parallels to the Human Condition. Animal
models are used to shed light on questions where it is impractical or ethically unacceptable
to use human subjects. This is particularly true in the case of exposure to environmental
toxins such as lead. In the case of lead, it has been effective and convenient to expose
developing animals via their mothers' milk or by gastric gavage, at least until weaning. In
many studies, exposure was continued in the water or food for some time beyond weaning. This
approach simulates at least two features commonly found in human exposure: oral intake and
exposure during early development. The preweaning period in rats and mice is of particular
relevance in terms of parallels with the first two years or so of human brain development.

Studies using rodents and monkeys have provided a variety of evidence of neurobehavioral
alteration induced by lead exposure. In most cases these effects suggest impairment in
"learning," i.e. , the process of appropriately modifying one's behavior in response to infor-
mation from the environment. Such behavior involves the ability to receive, process, and
remember information in various forms. Some studies indicate behavioral alterations of a more
basic type, such as delayed development of certain reflexes. Other evidence suggests changes
affecting rather complex behavior in the form of social interactions.

Most of the above effects are evident in rodents and monkeys with blood lead levels ex-
ceeding 30 (jg/dl , but some effects on learning ability are apparent even at maximum blood lead
exposure levels below 20 pg/dl. Can these results with animals be generalized to humans?
Given differences between humans, rats, and monkeys in heme chemistry, metabolism, and other
aspects of physiology and anatomy, it is difficult to state what constitutes an equivalent
internal exposure level (much less an equivalent external exposure level). For example, is a
blood lead level of 30 ug/dl in a suckling rat equivalent to 30 ug/dl in a three-year-old
child? Until an answer is available for this question, i.e., until the function describing
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the relationship of exposure indices in different species is available, the utility of animal
models for deriving dose-response functions relevant to humans will be limited.

Questions also exist regarding the comparability of neurobehavioral effects in animals
with human behavior and cognitive function. One difficulty in comparing behavioral endpoints
such as locomotor activity is the lack of a consistent operational definition. In addition to
the lack of standardized methodologies, behavior is notoriously difficult to "equate" or com-
pare meaningfully across species because behavioral analogies do not demonstrate behavioral
homologies. Thus, it is improper to assume, without knowing more about the responsible under-
lying neurological structures and processes, that a rat's performance on an operant condition-
ing schedule or a monkey's performance on a stimulus discrimination task corresponds to a
child's performance on a cognitive function test. Nevertheless, interesting parallels in
hyper-reactivity and increased response variability do exist between different species, and
deficits in performance on various tasks are indicative of altered CMS functions, which are
likely to parallel some type of altered CNS function in humans as well.

In terms of morphological findings, there are reports of hippocampal lesions in both,
lead-exposed rats and humans that are consistent with a number of behavioral findings suggest-
ing an impaired ability to respond appropriately to altered contingencies for rewards. That
is, subjects tend to persist in certain patterns of behavior even when changed conditions make
the behavior inappropriate. Other morphological findings in animals, such as demyelination
and glial cell decline, are comparable to human neuropathologic observations mainly at rela-
tively high exposure levels.

Another neurobehavioral endpoint of interest in comparing human and animal neurotoxicity
of lead is electrophysiological function. Alterations of electroencephalographic patterns and
cortical slow wave voltage have been reported for lead-exposed children, and various electro-i
physiological alterations both i_n vivo (e.g., in rat visual evoked response) and j_n vitro
(e.g., in frog miniature endplate potentials) have also been noted in laboratory animals. At
this time, however, these lines of work have not converged sufficiently to allow for strong
conclusions regarding the electrophysiological aspects of lead neurotoxicity.

Biochemical approaches to the experimental study of lead's effects on the nervous system
have generally been limited to laboratory animal subjects. Although their linkage to human
neurobehavioral function is at this point somewhat speculative, such studies do provide in-
sight to possible neurochemical intermediaries of lead neurotoxicity. No single neurotrans-
mitter system has been shown to be particularly sensitive to the effects of lead exposure;
lead-induced alterations have been demonstrated in various neurotransmitters, including dopa-
mine, norepinephrine, serotonin, and y-aminobutyric acid. In addition, lead has been shown to
have subcellular effects in the central nervous system at the level of mitochondrial function
and protein synthesis.
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Given the above-noted difficulties in formulating a comparative basis for internal expo-
sure levels among different species, the primary value of many animal studies, particularly in
vitro studies, may be in the information they can provide on basic mechanisms involved in lead
neurotoxicity. A number of j_n vitro studies show that significant, potentially deleterious
effects on nervous system function occur at in situ lead concentrations of 5 uM and possibly
lower, suggesting that no threshold may exist for certain neurochemical effects of lead on a
subcellular or molecular level. The relationship between blood lead levels and lead concen-
trations at such extra- or intracellular sites of action, however, remains to be determined.
Despite the problems in generalizing from animals to humans, both the animal and the human
studies show great internal consistency in that they support a continuous dose-response func-
tional relationship between lead and neurotoxic biochemical, morphological, electrophysio-
logical, and behavioral effects.

12.10.5 Effects of Lead on the Kidney
It has been known for more than a century that kidney disease can result from lead

poisoning. Identifying the contributing causes and mechanisms of lead-induced nephropathy has
been difficult, however, in part because of the complexities of human exposure to lead and
other nephrotoxic agents. Nevertheless, it is possible to estimate at least roughly the range
of lead exposure associated with detectable renal dysfunction in both human adults and chil-
dren. Numerous studies of occupationally exposed workers have provided evidence for lead-
induced chronic nephropathy being associated with blood lead levels ranging from 40 to more
than 100 ug/dl, and some are suggestive of renal effects possibly occurring even at levels as
low as 30 ug/dl. In children, the relatively sparse evidence available points to the manifes-
tation of nephropathy only at quite high blood lead levels (usually exceeding 100-120 ug/dl).
The current lack of evidence for nephropathy at lower blood lead levels in children may simply
reflect the greater clinical concern with neurotoxic effects of lead intoxication in children
or, possibly, that much longer-term lead exposures are necessary to induce nephropathy. The
persistence of lead-induced nephropathy in children also remains to be more fully investi-
gated, although a few studies indicate that children diagnosed as being acutely lead poisoned
experience lead nephropathy effects lasting throughout adulthood.

Parallel results from experimental animal studies reinforce the findings in humans and
help illuminate the mechanisms underlying such effects. For example, a number of transient
effects in human and animal renal function are consistent with experimental findings of re-
versible lesions such as nuclear inclusion bodies, cytomegaly, swollen mitochondria, and
increased numbers of iron-containing lysosomes in proximal tubule cells. Irreversible lesions
such as interstitial fibrosis are also well documented in both humans and animals following
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chronic exposure to high doses of lead. Functional renal changes observed in humans have also
been confirmed in animal model systems with respect to increased excretion of amino acids and
elevated serum urea nitrogen and uric acid concentrations. The inhibitory effects of lead
exposure on renal blood flow and glomerular filtration rate are currently less clear in exper-
imental model systems; further research is needed to clarify the effects of lead on these
functional parameters in animals. Similarly, while lead-induced perturbation of the renin-
angiotensin system has been demonstrated in experimental animal models, further research is
needed to clarify the exact relationships among lead exposure (particularly chronic low-level
exposure), alteration of the renin-angiotensin system, and hypertension in both humans and
animals.

On the biochemical level, it appears that lead exposure produces changes at a number of
sites. Inhibition of membrane marker enzymes, decreased mitochondrial respiratory function/
cellular energy production, inhibition of renal heme biosynthesis, and altered nucleic acid
synthesis are the most marked changes to have been reported. The extent to which these mito-
chondrial alterations occur is probably mediated in part by the intracellular bioavailability
of lead, which is determined by its binding to high-affinity kidney cytosolic proteins and
deposition within intranuclear inclusion bodies.

Among the questions remaining to be answered more definitively about the effects of lead
on the kidneys is the lowest blood lead level at which renal effects occur. In this regard it
should be noted that recent studies in humans have indicated that the EDTA lead-mobilization
test is the most reliable technique for detecting persons at risk for chronic nephropathy;
blood lead measurements are a less satisfactory indicator because they may not accurately
reflect cumulative absorption some time after exposure to lead has terminated. Other ques-
tions include the following: Can a distinctive lead-induced renal lesion be identified either
in functional or histologic terms? What biologic measurements are most reliable for the pre-
diction of lead-induced nephropathy? What is the incidence of lead nephropathy in the general
population as well as among specifically defined subgroups with varying exposure? What is the
natural history of treated and untreated lead nephropathy? What is the mechanism of lead-
induced hypertension and renal injury? What are the contributions of environmental and
genetic factors to the appearance of renal injury due to lead? Conversely, the most difficult
question of all may well be to determine the contribution of low levels of lead exposure to
possible exacerbation of renal disease of non-lead etiologies.

12.10.6 Effects of Lead on Reproduction and Development
The most clear-cut data described in this section oh reproduction and development are

derived from studies employing high lead doses in laboratory animals. There is still a need
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for more critical research to evaluate the possible subtle toxic effects of lead on the fetus,
using biochemical, ultrastructural, or behavioral endpoints. An exhaustive evaluation of
lead-associated changes in offspring should include consideration of possible effects due to
paternal lead burden as well. Neonatal lead intake via consumption of milk from lead-exposed
mothers may also be a factor at times. Moreover, it must be recognized that lead's effects on
reproduction may be exacerbated by other environmental factors (e.g., dietary influences,
maternal hyperthermia, hypoxia, and co-exposure to other toxins).

There are currently no reliable data pointing to adverse effects in human offspring fol-
lowing lead exposure of fathers per se. Early studies of pregnant women exposed to high
levels of lead indicated toxic, but not teratogenic, effects on the conceptus. Unfortunately,
the collective human data regarding lead's effects on reproduction or jji utero development
currently do not lend themselves to accurate estimation of exposure-effect or no-effect
levels. This is particularly true regarding effects on reproductive performance in women,
which have not been well documented at low exposure levels. Still, prudence would argue
for avoidance of lead exposures resulting in blood lead levels exceeding 25-30 ug/dl in
pregnant women or women of child-bearing age in general, given the equilibration between
maternal and fetal blood lead concentrations that occurs and the growing evidence for dele-
terious effects in young children as blood lead levels approach or exceed 25-30 ug/dl. In-
dustrial exposure of men to lead at levels resulting in blood lead values of 40-50 ug/dl also
appear to result in altered testicular function.

The paucity of human exposure data forces an examination of the animal studies for indi-
cations of threshold levels for effects of lead on the conceptus. It must be noted that the
animal data are almost entirely derived from rodents. Based on these rodent data, it seems
likely that fetotoxic effects have occurred in animals at chronic exposures to 600-800 ppm
inorganic lead in the diet. Subtle effects appear to have been observed at 5-10 ppm in the
drinking water, while effects of inhaled lead have been seen at levels of 10 mg/m3. With mul-
tiple exposure by gavage, the lowest observed effect level is 64 mg/kg per day, and for expo-
sure via injection, acute doses of 10-16 mg/kg appear^effective. Since humans are most likely
to be exposed to lead in their diet, air, or water, the data from other routes of exposure are
of less value in estimating harmful exposures. Indeed, it appears that teratogenic effects
occur in experimental animals only when the maternal dose is given by injection.

Although human and animal responses may be dissimilar, the animal evidence does document
a variety of effects of lead exposure on reproduction and development. Measured or apparent
changes in production of or response to reproductive hormones, toxic effects on the gonads,
and toxic or teratogenic effects on the conceptus have all been reported. The animal data
also suggest subtle effects on such parameters as metabolism and cell structure that should be
monitored in human populations. Well-designed prospective human epidemiological studies
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involving large numbers of subjects are still needed (beyond the few currently available).
Such data could clarify the relationship of exposure periods, exposure durations, and blood
lead concentrations associated with significant effects and are needed for estimation of no-
effect levels as well. (Recent studies, most of which are prospective epidemiological inves-
tigations, on the relationship between relatively low-level lead exposure and effects on fetal
and child development, along with supporting experimental evidence on possible underlying
mechanisms, are reviewed in an Addendum to this document.)

12.10.7 Genotoxic and Carcinogenic Effects of Lead
It is difficult to conclude what role lead may play in the induction of human neoplasia.

Epidemiological studies of lead-exposed workers provide no definitive findings. However, sta-
tistically significant elevations in cancer of the respiratory tract and digestive system in
workers exposed to lead and other agents warrant some concern. Since it is clear that lead
acetate can produce renal tumors in some experimental animals, it seems reasonable to conclude
that at least this particular lead compound should be regarded as a carcinogen and prudent to
treat it as if it were also a human carcinogen (as concluded by the International Agency for
Research on Cancer). However, this statement is qualified by noting that lead has been seen
to increase tumorigenesis rates in animals only at relatively high concentrations, and there-
fore does not seem to be a potent carcinogen. In vitro studies further support the genotoxic
and carcinogenic role of lead, but also indicate that lead is not potent in these systems.

12.10.8 Effects of Lead on the Immune System
Lead renders animals more susceptible to endotoxins and infectious agents. Host suscep-

tibility and the humoral immune system appear to be particularly sensitive. As postulated in
recent studies, the macrophage may be the primary immune target cell of lead. Leadrinduced
immunosuppression occurs in experimental animals at low lead exposures that, although not in-
ducing overt toxicity, may nevertheless be detrimental to health. Available data provide good
evidence that lead affects immunity, but additional studies are necessary to elucidate the
actual mechanisms by which lead exerts its immunosuppressive action. Knowledge of the effects
of lead on the human immune system is lacking and must be ascertained in order to determine
permissible levels for human exposure. However, in view of the fact that lead affects im-
munity in laboratory animals and is immunosuppressive at very low dosages, its potential for
serious effects in humans should be carefully considered.

12.10.9 Effects of Lead on Other Organ Systems
The cardiovascular, hepatic, gastrointestinal, and endocrine systems generally show signs

of dysfunction mainly at relatively high lead exposure levels. Consequently, in most clinical
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and experimental studies, attention has been primarily focused on more sensitive and vulner-
able target organs, such as the hematopoietic and nervous systems. However, some work does
suggest that humans and animals show significant increases in blood pressure following chronic
exposure to low levels of lead (see Addendum to this document for a detailed discussion of the
relationship between blood lead and blood pressure and the possible biological mechanisms
which may be responsible for this association). It should also be noted that overt gastroin-
testinal symptoms associated with lead intoxication have been observed to occur in lead
workers at blood lead levels as low as 40-60 ug/dl. These findings suggest that effects on
the gastrointestinal and cardiovascular systems may occur at relatively low exposure levels,
but remain to be more conclusively demonstrated by further scientific investigations. Current
evidence indicates that various endocrine processes may be affected by lead at relatively high
exposure levels. Little information exists on endocrine effects at lower exposure levels,
except for alterations in vitamin-D metabolism previously discussed as secondary to heme syn-
thesis effects and occurring at blood lead levels ranging below 30 ug/dl to as low as 12
ug/dl. (Evidence relating endocrine function to various recently reported lead-associated
effects on human fetal and child development, including effects on growth and stature, is
reviewed in the Addendum to this document.)
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APPENDIX 12-A

SUMMARY OF PSYCHOMETRIC TESTS USED TO ASSESS COGNITIVE
AND BEHAVIORAL DEVELOPMENT IN PEDIATRIC POPULATIONS
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TABLE 12A. TESTS COMMONLY USED IN A PSYCHO-EDUCATIONAL BATTERY FOR CHILDREN

Age range Norms Scores Advantages Disadvantages

General Intelligence Tests

Stanford-Binet {Form L-M) 2 yrs - Adult 1972

Wechsler Preschool & Primary 4 - 6^ yrs 1967
Scales of Intelligence (WPPSI) Best for 5-yr-olds

Wechsler Intelligence Scale 6 - 1 6 yrs
for Children-Revised (WISC-R)

1974

McCarthy Scales of Children's
Abilities (MSCA)

2S - 8% yrs
Best for ages
4 - 6

1972

Bayley Scales of Mental
Development

2 - 3 0 MS. 1969

1. Deviation IQ:
Mean = 100 SO = 16

2. Mental Age Equivalent

1. Deviation IQ:
Mean = 100 SO = 15

2. Scaled Scores for
10 sub tests:
Mean = 10 SO = 3

Deviation IQ:
Mean = 100 SO = IS
Scaled Scores for
10 subtests: Mean = 10
SO = 3

1. General Cognitive Index:
Mean = 100 SD = 16

2. Scaled scores for 5
subtests: mean = 50
SO = 10 Age equivalents
can be derived.

1. Standard scores
(M = 100 SO = 16)

2. Mental Development
Psychomotor Index

1. Good reliability & validit y
2. Predicts school performance
3. Covers a wide age range

1. Good reliability & validity
2. Predicts school performance
3. Gives a profile of verbal &

non-verbal skills.
4. Useful in early identifica-

tion of learning disability

1. Good reliability & validity
2. Predicts school performance
3. Gives a profile of verbal

and non-verbal s k i l l s
4. Useful in identification of

learning disability

1. Good reliability & validity
2. Good predictor of school

performance
3. Useful in identification of

learning disabilities when
given with a WISC-R or
Stanford-Binet

4. Gives good information for
educational programming

1. Norms are excellent
2. Satisfactory reliability

and validity
3. Best measure of Infant

development

1. Tests mostly verbal s k i l l s
especially after 6 yrs

2. Does not give a profile
of sk i l l s

1. Narrow age range
2. Mentally retarded children

find this a disproportionately
d i f f i c u l t test

Gives a lower IQ than
Stanford-Binet for normal
and bright children

1. Children score much lower
than on WISC-R or
Stanford-Binet

2. Narrow age range

1. Not a good predictor of
later functioning in
average as in below average
children



TABLE 12A. (continued)

Age range Noras Scores Advantages Disadvantages

Slosson Intelligence Test Infancy - 27 yrs 1963 1. Ratio IQ: is not
related to general
population

Peabody Picture Vocabulary
Test

2<i - 18 yrs 1959, rev. 1981 1. Verbal IQ
White, 2. Age equivalent
Middle class
sample

Visual-Motor Tests

Frostig Developmental Test of
Visual Perception

roj>i

3 - 8 yrs & older
learning disabled
(L.D.) children

Good reliability & validity
Quick to administer. A
good screening test

Easily administered
Does not require language
or motor skills

1963 1. Perceptual Quotient:
White, middle Median = 100 Quartile
class sample Deviation = 10

2. Perceptual Age Equivalent
3. Scaled Scores for 5 sub-

tests

1. Good reliability for L.D.
childrsn

5.

Many items taken from
Stanford Binet
Responses require good
language ski 1 Is
Measures a narrow range
of skills
A screening test: not to
be used for classification
or placement

Fair reliability and
validity
Tests only receptive
vocabulary
Lower class children score
lower
Mentally Retarded children
score higher than on other
tests
Not to be used for classi-
fication or placement.

Fair reliability for normal
children
Poor Validity
No known relationship to
reading or learning
Remedial program based on
test of questionable value
Not useful in identifying
children at risk for L.D.

Bender-Gestalt 4 yrs - Adult 1964
Normal and
Brain-injured
Children

Beery-Buktenica
Developmental Test of
Visual Motor Integration (VMI)

2-15 yrs 1967

1. Age equivalent

1. Age equivalent

1. Easily administered
2. Long history of research

makes it a good research
tool

1. Easily administered
2. Good normative sample

1. Fair reliability
2. Poor predictive and

validity
3. Responses influenced by

fatigue & variations in
administration

4. No known relationship to
reading or subtle neuro-
logical dysfunction

1. Moderate reliability and
validity

2. Correlates better with
mental age than chrono-
logical age



TABLE 12A. (continued)

Age range Norms Scores Advantages Disadvantages

Educational Tests

Wide Range Achievement Test
(WRAT)

Peabody Individual
Achievement Test (PIAT)

5 yrs - Adult

5 - 18 yrs

1976 1. Standard Score:
Revised mean = 100 SO = IS

2. Grade equivalent

1969 1. Standard Scores:
Mean = 100 SO = IS

2. Grade equivalent
3. Age equivalent

Woodcock Reading
Mastery Tests

Spache Diagnostic
Reading Scales

Kgn - 12 grade

1st - 8th grade

1971-72 1. Grade equivalent
adjusted for 2. Standard Score
social class 3. Percent!le Rank

1972

Key Hath Diagnostic
Arithmetic Test

Pre-school - 6th
grade

1971

1. Instructional level of
reading (grade equiva-
lent).

2. Independent level of
reading.

3. Potential level of
reading

1. Grade equivalent

1. Good reliability & validity 1.
Reading scores predict
grade level 2.

2. Tasks similar to actual
work

1. Tests word recognition and 1.
2. Breaks down skills into 5

areas 2.

1. Good reliability
2. Breakdown of reading skills

useful diagnostically and in
planning remediation

3. Easy to administer and score
1. Independent level score

predicts gains following
remediation

2. Good breakdown of reading
skills

1. Excellent breakdown of math
skills

2. Easy to administer and
score

Reading portion tests
word recognition only
Responses require good
organizational skills
(could be an advantage)

Moderate reliability. Low
stability for Kindergarten
No data on predictive
validity
A multiple choice test
requiring child to recog-
nize correct answer (could
be an advantage).
Heavily loaded on verbal
reasoning.
Factor structure changes
with age.

1. No data on validity

1. Fairly complex scoring
2. Moderate reliability

3. No good data on validity

1. Moderate reliability
2. No data on validity



TABLE 12A. (continued)

Age range Horns Scores Advantages Disadvantages

Tests of Adaptive Functioning
Vineland Social Maturity Scale Birth - 25 yrs

AAMO Adaptive Behavior Scale 3 yrs - Adult

ro
I>

Progress Assessment Chart of
Social Development (PAC)

Developmental Profile

Conners Rating Scale

Birth - Adult

Birth - 12 yrs

3 yrs - 17 yrs

1983 1. Social Quotient (Ratio)
Revised 2. Social Age Equivalent

1974
Institu-
tionalized
Retardates;
Public School
Children (1982)

1. Percentile Ranks
2. Scaled scores

1976

1972

1978

No Scores

1. Age equivalents in 5
5 areas

2. IQ equivalency (IQE)

1. Age equivalents

1. Easily administered
2. Good reliability for normal

and MR chidren

1. Discriminates between EMR
and regular classes

2. Useful for class placement
and monitoring progress

1. Useful for training and
assessing progress

2. Gives profile of skills

1. Good reliability and valid-
ity. Excellent study of
construct validity reported
in manual.

2. Gives a profile of skills

1. Host widely used measure of
attention deficit disorder

2. Four factors: conduct prob-
lems; hyperactivity;
inattentive-passive; hyper-
activity index

1. Poor norms
2. No data on validity
3. Items are limited past

preschool years
4. Scores decrease with age

for MR children

1. Moderate reliability for
independent living skills
scale. Poor reliability
for naladaptive behaviour
scale.

2. Lengthy administration
3. Items & scoring are not

behaviorally objective

1. No data on reliability or
validity

1. IQE underestimates IQ of
above average children,
overestimates IQ of below
average children.

1. Parents' ratings don't pre-
dict as well as teachers'
ratings

2. Works best middle class
children

Werry-Weiss-Peters Hyperactivity 1 yr - 9 yrs
Scale

1974, 1977 1. Age equivalents 1. Good measure of hyperac- 1.
tivity 2.

2. Seven Factors

Limited age range
Standardized on middle
class children



13. EVALUATION OF HUMAN HEALTH RISKS ASSOCIATED WITH
EXPOSURE TO LEAD AND ITS COMPOUNDS

13.1 INTRODUCTION
This chapter attempts to integrate, concisely, key information and conclusions discussed

in preceding chapters into a coherent framework by which interpretation and judgments can be
made concerning the risk to human health posed by present levels of lead contamination in the
United States.

Towards this end, the chapter is organized into eight sections, each of which discusses
one or more of the following major components of the overall health risk evaluation: (1) ex-
ternal and internal exposure aspects of lead; (2) lead metabolism, which determines the rela-
tionship of external lead exposure to associated health effects of lead; (3) qualitative and
quantitative characterization of key health effects of lead; and (4) identification of popula-
tion groups at special risk for health effects associated with lead exposure.

The various aspects of lead exposure discussed include: (1) an historical perspective on
the input of lead into the environment as well as the nature and magnitude of current lead
input; (2) the cycling of lead through the various environmental compartments; and (3) levels
of lead in those media most relevant to lead exposure of various segments of the U.S. popula-
tion. These various aspects of lead exposure are summarized in Section 13.2.

In regard to lead metabolism, some of the relevant issues addressed include: (1) the
major quantitative characteristics of lead absorption, distribution, retention, and excretion
in humans and how these differ between adults and children; (2) the toxicokinetic bases for
external/internal lead exposure relationships with respect to both internal indicators and
target tissue lead burdens; and (3) the relationships between internal and external indices of
lead exposure, i.e., blood lead levels, and lead concentrations in air, food, water, and dust/
soil. Section 13.3 summarizes the most salient features of lead metabolism, whereas Section
13.4 addresses experimental and epidemiological data concerning various blood lead-environ-
mental media lead relationships.

In discussion of the various health effects of lead, the main emphasis is on the identi-
fication of those effects most relevant to various segments of the general U.S. population and
the placement of such effects in a dose-effect/dose-response framework. With regard to the
latter, a crucial issue has to do with relative response of various segments of the population
in terms of observed effect levels as indexed by some exposure indicator. Furthermore, it is
of interest to assess the extent to which available information supports the existence of a
continuum of effects as one proceeds across the spectrum of exposure levels. Discussion o,f
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data on the relative number or percentage of members (i.e., "responders") of specific popula-
tion groups that can be expected to experience a particular effect at various lead exposure
levels is also important in order to permit delineation of dose-response curves for the
relevant effects in different segments of the population. These matters are. discussed in
Sections 13.5 and 13.6.

Melding of information from the sections on lead exposure, metabolism, and biological
effects permits the identification of population segments at special risk in terms of physio-
logical and other host characteristics, as well as heightened vulnerability to a given effect;
these risk groups are discussed in Section 13.7. With demographic identification of indivi-
duals at risk, one may then draw upon population data from other sources to obtain a numerical
picture of the magnitude of population groups at potential risk. This is also discussed in
Section 13.7.

Section 13.8 summarizes key information and conclusions derived from the analyses
presented in the proceeding sections.

13.2 EXPOSURE ASPECTS
13.2.1 Sources of Lead Emission in the United States

The most important issues addressed here concerning the sources of lead in the human
environment are: What additional pathways of human consumption have been added in the course
of civilization? What are the relative contributions of natural and anthropogenic lead? From
the available data, what trends can be expected in the potential consumption of lead by
humans? What is the impact of normal lead cycling processes on total human exposure? And,
finally, are there population segments particularly at risk due to a higher potential expo-
sure?

Figure 13-1 is a composite of similar figures appearing in Chapters 7 and 11. This
figure shows that four of the five sources of lead in the human environment are of anthropo-
genic origin. The only significant natural source* is from the geochemical weathering of
paront rock material as an input to soils. Of the four anthropogenic pathways, two are close-
ly associated with atmospheric emissions and two (pigments and solder) are more directly
related to the use of metallurgical compounds in products consumed by humans.

It is clear that natural sources contribute only a very small fraction to total lead in
the oiosphere. Levels of lead in the atmosphere, the main conduit for lead movement from
sources into various environmental compartments, are 10,000 to 20,000-fold higher in some
urban areas than in the most remote regions of the earth. Chronological records assembled
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FECES URINE

Figure 13-1. Pathways of lead from the environment to man. main
compartments involved in partitioning of internal body burden of
absorbed/retained lead, and main routes of lead excretion.
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using reliable lead analysis techniques show that atmospheric lead levels were at least 2,000-
fold lower than at present before abrupt anthropological inputs accelerated with the indus-
trial revolution and, more recently, with the introduction of leaded gasoline. For actual
comparison, estimates indicate a general background air lead level of 0.00005-0.0005 ug Pb/m3

versus current urban air lead concentrations frequently approaching 1.0 ug Pb/m3. A recent
measurement of 0.000076 ug Pb/m3 at the South Pole, using highly reliable lead analyses, sug-
gests an anthropogenic enrichment factor of 13,000-fold compared to the same urban air level
of 1.0 ug Pb/m3.

Lead occupies an important niche in the U.S. economy, with consumption averaging 1.28 x
106 metric tons/year over the period 1971-1984. Of the various categories of lead consump-
tion, those of pigments, gasoline additives, ammunition, foil, solder, and steel products are
widely dispersed and therefore unrecoverable. In the United States, about 39,000 tons are
emitted to the atmosphere each year, including 35,000 tons as gasoline additives. Lead and
its compounds enter the atmosphere at various points during mining, smelting, processing, use,
recycling, or disposal. Leaded gasoline combustion in vehicles accounted for 90 percent of
the total anthropogenic input into the atmosphere in the United States in 1984; of the remain-
ing 10 percent of total emissions from stationary sources, 5 percent was from the metallurgica
industry, 3 percent was from waste combustion, 1 percent from combustion during energy produc-
tion, and 1 percent was from miscellaneous sources. Atmospheric emissions have declined in
recent years with the phase-down of lead in gasoline.

The fate of emitted particulate lead depends on particle size. It has been estimated
that, of the 75 percent of combusted gasoline lead which immediately departs the vehicle in
exhaust, 46 percent is in the form of particles <0.25 pm mass median aerodynamic diameter
(MMAD) and 54 percent has an average particle size >10 urn. The sub-micron fraction is in-
volved in long-range transport, whereas the larger particles settle mainly near the roadway.

13.2.2 Environmental Cycling of Lead
The atmosphere is the main conduit for movement of lead from emission sources to other

environmental compartments. Removal of lead from the atmosphere occurs by both wet and dry
deposition processes, each mechanism accounting for about one-half of the atmospheric lead
removed. The fraction of lead emitted as alkyl lead vapor (1-6 percent) undergoes subsequent
transformation to other, more stable compounds such as triethyl- or trimethyl lead as a com-
plex function of sunlight, temperature, and ozone level.

Studies of the movement of lead emitted into the atmosphere indicate that air lead levels
decrease logarithmically with distance away from the source: (1) along gradients from emis-
sion sites, e.g., roadways and smelters; (2) within urban regions away from central business
districts; (3) from urban to rural areas; and (4) from developed to remote areas.
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By means of wet and dry deposition, atmospheric lead is transferred to terrestrial sur-
faces and bodies of water. Transfer to water occurs either directly from the atmosphere or
through runoff from soil to surface waters. A sizeable fraction of water-borne lead becomes
lodged in aquatic sediments. Percolation of water through soil does not transport much lead
to ground water because most of the lead is retained at the soil surface.

The fate of lead particles on terrestrial surfaces depends upon such factors as the
mechanism of deposition, the chemical form of the particulate lead, the chemical nature of the
receiving soil, and the amount of vegetation cover. Lead deposited on soils is apparently
immobilized by binding to humic or fulvic acids, or by ion exchange on clays and hydrous
oxides. In industrial, playground, and household environments, atmospheric particles accumu-
late as dusts with lead concentrations often greater than 1000 ug/9- It is important to dis-
tinguish these dusts from windblown soil dust, which typically has a lead concentration of
10-30 ug/g.

It has been estimated that soils adjacent to roadways have been enriched in lead content
by as much as 10,000 ug/g soil since 1930, while in urban areas and sites adjacent to smelters
as much as 130,000 ug/g has been measured in the upper 2-5 cm layer of soil.

Soil appears to be the major sink for emitted lead, with a residency half-time of de-
cades; however, soil as a reservoir for lead cannot be considered as an infinite sink, because
lead will continue to pass into the grazing and detrital food chains and sustain elevated lead
levels in them until equilibrium is reached. It was estimated in Chapters 7 and 8 that soils
not adjacent to major sources such as highways and smelters contain 3-5 ug/g of anthropogenic
lead, and that this lead has caused an increase of lead in soil moisture by a factor of 2-4.
Thus, movement of lead from soils to other environmental compartments is at least twice the
prehistoric rate and will continue to increase for the fores«eable future.

Lead enters the aquatic compartment by direct transfer from the atmosphere via wet and
dry deposition, as well as indirectly from the terrestrial compartment via surface runoff.
Water-borne lead, in turn, may be retained in some soluble fraction or may undergo sedimenta-
tion, depending on such factors as pH, temperature, suspended matter which may entrap lead,
etc. Present levels of lead in natural waters represent a 50-fold enrichment over background
content, from 0.02 to 1.0 ug/1> due to anthropogenic activity. Surface waters receiving urban
effluent represent a 2500-fold and higher enrichment (50 ug Pb/1 and higher).

13.2.3 Levels of Lead in Various Media of Relevance to Human Exposure
Human populations in the United States are exposed to lead in air, food, water, and dust.

In rural areas, Americans not occupationally exposed to lead are estimated to consume 40-60 ug
Pb/day. This level of exposure is referred to as the baseline exposure for the American
population because it is unavoidable except by drastic change in lifestyle or by regulation of
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lead in foods or ambient air. There are several environmental circumstances that can increase
human exposures above baseline levels. Most of these circumstances involve the accumulation
of atmospheric dusts in the work and play environments. A few, such as pica and family home
gardening, may involve consumption of lead in chips of exterior or interior house paint.
13.2.3.1 Ambient Air Lead Levels. Monitored ambient air lead concentration values in the
United States are contained in two principal data bases: (1) EPA's National Air Sampling Net-
work (NASN), recently renamed National Filter Analysis Network (NFAN); and (2) EPA's National
Aerometric Data Bank, consisting of measurements by state and local agencies in conjunction
with compliance monitoring for the current ambient air lead standard.

NASN data for 1982, the latest year in the annual surveys for which valid distinctions
can be made between urban and non-urban stations, indicate that most urban sites show reported
annual averages below 0.7 pg Pb/m3, while the majority of non-urban locations have annual
figures below 0.2 ug Pb/m3, Over the interval 1976-1984, there has been a downward trend in
these averages, mainly attributable to decreasing lead content of leaded gasoline and the
increasing usage of lead-free gasoline. Furthermore, examination of quarterly averages over
this interval shows a typical seasonal variation, characterized by maximum air lead values in
summer and minimum values in winter.

With respect to the particle size distribution of ambient air lead, EPA studies using
cascade impactors in six U.S. cities have indicated that 60-75 percent of such air lead was
associated with sub-micron particles. This size distribution is significant in considering
the distance particles may be transported and the deposition of particles in the pulmonary
compartment of the respiratory tract. The relationship between airborne lead at the monitor-
ing station and the lead inhaled by humans is complicated by such variables as vertical gradi-
ents, relative positions of the source, the monitor, and the person, and the ratio of indoor
to outdoor lead concentrations. Personal monitors would probably be the most effective means
to obtain an accurate picture of the amount of lead inhaled during the normal activities of an
individual. However, the information gained would be insignificant, considering that inhaled
lead is generally only a small fraction of the total lead exposure, compared to the lead in
food, beverages, and dust. The critical question in regard to airborne lead is how much lead
becomes entrained in dust. In this respect, the existing monitoring network may provide an
adequate estimate of the air concentration from which the rate of deposition can be deter-
mined.
13.2.3.2 Levelb of Lead In Dust. The lead content of dusts can figure prominently in the
total lead exposure picture for young children. Lead in aerosol particles deposited on rigid
surfaces in urban areas (such as sidewalks, porches, steps, parking lots, etc.) does not
undergo dilution compared to lead transferred by deposition onto soils. Lead in dust can
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approach extremely high concentrations and can accumulate in the interiors of dwellings as
well as in the outside surroundings, particularly in urban areas.

Measurements of soil lead to a depth of 5 cm in areas of the United States were shown in
one study to range from 150 to 500 ug/g dry weight close to roadways (i.e., within 8 meters).
By contrast, lead in dusts deposited on or near heavily traveled traffic arterie-s show levels
in major U.S. cities ranging up to 8000 ug/g and higher. In residential areas, exterior dust
lead levels are approximately 1000 ug/g or less if contaminated only by atmospheric lead.
Levels of lead in house dust can be significantly elevated; a study of house dust samples in
Boston and New York City revealed levels of 1000-2000 ug/g. Some soils adjacent to houses
with exterior lead-based paints may have lead concentrations greater than 10,000 ug/g.

Forty-four percent of the baseline consumption of lead by children is estimated to result
from consumption of 0.1 g of dust per day (Tables 13-1 and 13-2). Ninety percent of this dust
lead is of atmospheric origin. Oust also accounts for more than 90 percent of the additive
lead attributable to living in an urban environment or near a smelter (Table 13-3).
13.2.3.3 Levels of Lead in Food. The route by which adults and older children in the base-
line population of the United States receive the largest proportion of lead intake is through
foods, with reported estimates of the dietary lead intake for Americans ranging from 35 to 55
ug/day. The added exposure from living in an urban environment is about 28 ug/day for adults
and 91 ug/day for children, all of which can be attributed to atmospheric lead.

Atmospheric lead may be added to food crops in the field or pasture, during transporta-
tion to the market, during processing, and during kitchen preparation. Metallic lead, mainly
solder, may be added during processing and packaging. Other sources of lead, as yet undeter-
mined, increase the lead content of food between the field and dinner table. American chil-
dren, adult females, and adult males consume 21, 32, and 45 ug Pb/day, respectively, in food
and beverages. Of these amounts, 45-65 percent is of direct atmospheric origin, 25-37 per-
cent is of metallic origin, and 5-8 percent is of undetermined origin.

Processing of foods, particularly canning, can significantly add to their background lead
content, although it appears that the iipact of this is being lessened with the trend away
from use of lead-soldered cans. The canning process can increase lead levels 8-to 10-fold
higher than for the corresponding uncanned food items. Home food preparation can also be a
source of additional lead in cases where food preparation surfaces are exposed to moderate
amounts of high-lead household dust.
13.2.3.4 Lead Levels in Drinking Water. Lead in drinking water may result from contamination
of the water source or from the use of lead materials in the water distribution system. Lead
entry into drinking water from the latter is increased in water supplies which are plumbo-
solvent, i.e., with a pH below 6.5. Exposure of individuals occurs through direct ingestion
of the water or via food preparation in such water.
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TABLE 13-1. SUMMARY OF BASELINE HUMAN EXPOSURES TO LEAD
(ug/day)

CO

Source

Child-2 yr old
Inhaled air
Food, Water &
beverages

Dust

Total
Percent

Adult female
Inhaled air
Food, Water &
beverages

Oust

Total
Percent

Adult male
Inhaled air
Food, Water &
beverages

Dust

Total
Percent

Total
lead

consumed

0.5

25.1
21.0

46.6
100%

1.0

32*. 0
4.5

37.5
100%

1.0

45.2
4.5

50.7
100%

Soil
Natural
lead

consumed

0.001

0.71
0.6

1.3
2.8%

0.002

0.91
0.2

1.2
3.1%

0.002

1.42
0.2

1.6
3.1%

Indirect
atmospheric

lead*

-

1.7
_

1.7
3.5%

-

2.4
-

2.5
6.6%

-

3.5
-

3.5
6.8%

Direct
atmospheric

lead*

0.5

10.3
19.0

29.8
64.0%

1.0

12.6
2.S

17.4
46.5%

1.0

19.3
2.9

23.2
45.8%

Lead from
solder or

other metals

-

11.2
— ..

11.2
24.0%

-

8.2
-

13.5
36.1%

-

18.9
-

18.9
37.2%

Lead of
undetermined

origin

-

1.2
1.4

2.6
5.6%

-

1.5
1.4

2.9
7.8%

-

2.2
1.4

3.6
7.0%

* Indirect atmospheric lead has been previously incorporated into soil, and will probably remain in the
soil for decades or longer. Direct atmospheric lead has been deposited on the surfaces of vegetation
and living areas or incorporated during food processing prior to human consumption.

Source: This report.



TABLE 13-3. SUMMARY OF POTENTIAL ADDITIVE EXPOSURES TO LEAD (ug/day)

Baseline exposure:
Child
Inhaled air
Food, water & beverages
Dust

Total baseline

Total
lead

consumed,
ug/day

0.5
25.1
21.0
46.6

Atmospheric
lead

consumed,
ug/day

0.5
10.3
19.0
29.8

Other
lead

sources,
ug/day

-
14.8
2.0
16.8

Additional exposure due to:
Urban atmospheres1
Family gardens2
Interior lead paint3
Residence near smelter4
Secondary occupational5

Baseline exposure:
Adult male
Inhaled air
Food, water & beverages
Dust

Total baseline

91
48
110
880
150

1.0
54.7
4.5
60.2

91
12

880

1.0
20.3
2.9
24.2

36
no

-
34.4
1.6
36.0

Additional exposure due to:
Urban atmospheres1
Family gardens2
Interior lead paint3
Residence near smelter4
Occupational6
Secondary occupational5
Smoking7
Wine consumption8

28
120
17
100
1100
44
30
100

28
30

100
1100

27
?

17

3
7

Includes lead from household (1000 ug/g) and street dust (1500 ug/g) and inhaled air
(0.75 ug/m3).

2Assumes soil lead concentration of 2000 ug/g; all fresh leafy and root vegetables, sweet
corn of Table 7-12 replaced by produce from garden. Also assumes 25% of soil lead is of
atmospheric origin.

3Assumes household dust rises from 300 to 2000 ug/g- Dust consumption remains the same
as baseline.

4Assumes household and street dust increases to 10,000 ug/g.
5Assumes household dust increases to 2400 ug/g.
6Assumes 8-hr shift at 10 ug Pb/m3 or 90% efficiency of respirators at 100 ug Pb/m3, and
occupational dusts at 100,000 ug/m3.
'One-and-a-half packs per day.
8Assumes unusually high consumption of one liter per day.

Source: This report.
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TABLE 13-2. RELATIVE BASELINE HUMAN LEAD EXPOSURES EXPRESSED PER KILOGRAM BODY WEIGHT*

Total
lead

consumed,
|jg/day

Total lead consumed
per kg body wt,

ug/kg-day

Atmospheric lead
per kg body wt,

ug/kg-day

Child (2-yr-old)
Inhaled air
Food and beverages
Dust

Total

Adult female
Inhaled air
Food and beverages
Dust

Total

Adult male
Inhaled air
Food and beverages
Dust

Total

0.5
25.1
21.0

46.6

1.0
32.0
4.5

37.5

1.0
45.2
4.5

50.7

0.05
2.5
2.1

4.65

0.02
0.64
0.09

0.75

0.014
0.65
0.064

0.73

0.05
1.0
1.9

2.95

0.02
0.25
0.06

0.33

0.014
0.28
0.04

0.334

*Body weights: 2-year-old child = 10 kg; adult female = 50 kg; adult male = 70 kg.

Source: This report.

The major source of lead contamination of drinking water is the distribution system it-
self, particularly in older urban areas. Highest levels are encountered in "first-draw" sam-
ples, i.e., water sitting in the piping system for an extended period of time. In a large
community water supply survey of 969 systems carried out in 1969-1970, it was found that the
prevalence of samples exceeding 0.05 ug/g was greater where water was plumbo-sol vent.

Most drinking water, and the beverages produced from drinking water, contain 0.007-
0.011 ug Pb/g. The exceptions are canned juices and soda pop, which range from 0.018 to
0.040 ug/g. About 15 percent of the lead consumed in drinking water and beverages is of
direct atmospheric origin; 60 percent comes from solder and other metals.
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13.2.3.5 Lead in Other Media. Flaking lead paint as well as paint chips and weathered pow-
dered paint in and around deteriorated housing stock in urban areas of the Northeast and Mid-
west has long been recognized as a major source of lead exposure for young children residing
in this housing stock, particularly for children with pica. Census data, for example, indi-
cate that there are approximately 27"million residential units in the United States built
before 1940, many of which still contain lead-based paint. Also, individuals who are ciga-
rette smokers may inhale significant amounts of lead in tobacco smoke. One study has indi-
cated that the smoking of 30 cigarettes daily results in lead intake equivalent to that of
inhaling lead in ambient air at a level of 1.0 ug/m3.
13.2.3.6 Cumulative Human Lead Intake From Various Sources. Table 13-1 shows the baseline of
human lead exposures in the United States as described in detail in Chapter 7. These data
show that atmospheric lead accounts for at least 45 percent of the baseline adult consumption
and 60 percent of the daily consumption by a 2-yr-old child. These percentages are conserva-
tive estimates because a part of the lead of undetermined origin may originate from atmos-
pheric lead not yet accounted for.

From Table 13-2, it can be seen that young children have a dietary lead intake rate that
is 5-fold greater than for adults, on a body weight basis. To these observations must be
added that absorption rates for lead are higher in children than in adults by at least 3-fold.
Overall, then, the rate of lead entry into the blood stream of children, on a body weight
basis, is estimated to be twice that of adults from the respiratory tract and six to nine
times greater from the GI tract. Since children consume more dust than adults, the atmos-
pheric fraction of the baseline exposure is sixfold higher for children than for adults, on a
body weight basis. These differences generally tend to place young children at greater risk,
in terms of relative amounts of atmospheric lead absorbed1 per kg body weight, than adults
under any given lead exposure situation.

13.3 LEAD METABOLISM: KEY ISSUES FOR HUMAN HEALTH RISK EVALUATION
From the detailed discussion of those various quantifiable characteristics of lead toxi-

cokinetics in humans and animals presented in Chapter 10, several clear issues emerge as being
important for full evaluation of the human health risk posed by lead:

(1) Differences in systemic or internal lead exposure of groups within the general popu-
lation in terms of such factors as age/development and nutritional status; and

(2) The relationship of indices of internal lead exposures to both environmental levels
of lead and tissues levels/effects.
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Item 1 is used along with additional information on relative sensitivity to lead health
effects to provide the basis for identifying segments within human populations at increased
risk in terms of exposure criteria. Item 2 deals with the adequacy of current means for
assessing internal lead exposure in terms of providing adequate margins of protection from
lead exposures which produce health effects of concern.

13.3.1 Differential Internal Lead Exposure Within Population Groups
Compared to adults, young children take in more lead through the gastrointestinal and

respiratory tracts on a unit body weight basis, absorb a greater fraction of this lead intake,
and also retain a greater proportion of the absorbed amount. Unfortunately, such amplifica-
tion of these basic toxicokinetic parameters in children versus adults also occurs at the time
when: (1) humans are developmentally more vulnerable to the effects of toxicants such as lead
in terms of metabolic activity; and (2) the interactive relationships of lead with such fac-
tors as nutritive elements are such as to induce a negative course toward further exposure
risk.

Typical of physiological differences in children versus adults in terms of lead exposure
implications is a more metabolically active skeletal system in children. In children, turn-
over rates of bone elements such as calcium and phosphorus are greater than in adults, with
correspondingly greater mobility of bone-sequestered lead. This activity is a factor in the
observation that the skeletal system of children is relatively less effective as a depository
for lead than in adults.

Metabolic demand for nutrients, particularly calcium, iron, phosphorus, and the trace
elements is such that widespread deficiencies of these nutrients exist, particularly among
poor children. The interactive relationships of all of these elements with lead are such that
deficiency states enhance lead absorption and/or retention. In the case of lead-induced
reductions in 1,25-dihydroxyvitamin D, furthermore, there may exist an increasingly adverse
interactive cycle between lead effects on 1,25-dihydroxyvitamin D and associated increased
absorption of lead.

Quite apart from the physiological differences which enhance internal lead exposure in
children is the unique relationship of 2- to 3-year-olds to their exposure setting by way of
normal mouthing behavior and the extreme manifestation of this behavior, pica. This behavior
occurs in the same age group which studies have consistently identified as having a peak in
blood lead levels. A number of investigations have addressed the quantification of this
particular route of lead exposure, and it is by now clear that such exposure will dominate
other routes when the child's surroundings, eg., dust and soil, are significantly contami-
nated by lead.
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Information provided in Chapter 10 also makes it clear that lead traverses the human pla-
cental barrier, with lead uptake by the fetus occurring throughout gestation. Such uptake of
lead poses a potential threat to the fetus via an impact on the embryological development of
the central nervous and other systems. Hence, the only logical means of protecting the fetus
from lead exposure is exposure control during pregnancy. Within the general population, then,
young children and pregnant women qualify as well-defined groups at high risk for lead expo-
sure.

In addition, certain emerging information (noted in Section 13.5 and described in detail
in the Addendum to this document) indicates that increases in blood pressure are associated
with blood lead concentrations ranging from >30-40 ug/dl down to possibly as low as 7 ug/dl;
this association appears to be particularly robust in white males, aged 40-59. Occupational
exposure to lead, particularly among lead workers, logically defines these individuals as also
being in a high-risk category; work place contact is augmented by those same routes and levels
of lead exposure affecting the rest of the adult population. From a biological point of view,
lead workers do not differ from the general adult population with respect to the various
toxicokinetic parameters and any differences in exposure control—occupational versus non-
occupational populations—as they exist are based on factors other than toxicokinetics.

13.3.2 Indices of Internal Lead Exposure and Their Relationship To External Lead Levels and
Tissue Burdens/Effects'

Several points are of importance to consider in the area of lead toxicokinetics: (1) the
temporal characteristics of indices of lead exposure; (2) the relationship of these indicators
to external lead levels; (3) the validity of indicators of exposure in reflecting target tis-
sue burdens; (4) the interplay between these indicators and lead in body compartments; and (5)
those various aspects of this issue that, in particular, refer to children.

At this time, blood lead is widely held to be the most convenient, if imperfect, index of
both lead exposure and relative risk for various adverse health effects. In terms of expo-
sure v however, it is generally accepted that blood lead is a temporally variable measure which
yields an index of relatively recent exposure because of the rather rapid clearance of absor-
bed lead from the blood. Such a measure, then, is of limited usefulness in cases where expo-
sure is variable or intermittent over time, as is often the case with pediatric lead exposure.
Mineralizing tissue (specifically deciduous teeth), on the other hand, accumulate lead over
time in proportion to the degree of lead exposure, and analysis of this material provides an
assessment integrated over a greater time period.

These two methods of assessing internal lead exposure have obvious shortcomings. A blood
lead value will say little about any excessive lead intake at early periods, even though such
remote exposure may have resulted in significant injury. On the other hand, whole tooth dr
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dentine analysis is retrospective in nature and can only be done after the particularly vulne-
rable age in children—under 4-5 years--has passed. Such a measure, then, provides little
utility upon which to implement regulatory policy or clinical intervention.

It may be possible to resolve the dilemmas posed by these existing methods by j_n situ
analysis of teeth and bone lead, such that the intrinsic advantage of mineral tissue as a
cumulative index is combined with measurement which is temporally concordant with on-going
exposure. Work in several laboratories offers promise for such vn situ analysis (See Chapters
9 and 10).

A second issue concerning internal indices of exposure to environmental lead is the rela-
tionship of changes in lead content of some medium with changes in blood content. Much of
Chapter 11 was given over to description of the mathematical relationships of blood lead with
lead in some external medium—air, food, water, etc.—without consideration of the biological
underpinnings for these relationships.

Over a relatively broad range of lead exposure through some medium, the relationship of
lead in the external medium to lead in blood is curvilinear, such that relative change in
blood lead per unit change in medium level generally becomes increasingly less as exposure in-
creases. This behavior may reflect changes in tissue lead kinetics, reduced lead absorption,
or increased excretion. With respect to changes in body lead distribution, the relative
amount of whole blood lead in plasma increases significantly with increasing whole blood lead
content; i.e., the plasma/erythrocyte ratio increases. Limited animal data would suggest that
changes in absorption may be one factor in this phenomenon. In any event, modest changes in
blood lead levels with exposure at the higher end of this range are in no way to be taken as
reflecting concomitantly modest changes in body or tissue lead uptake. Evidence continues to
accumulate which suggests that an indicator such as blood lead is an imperfect measure of
tissue lead burdens and of changes in such tissue levels in relation to changes in external
exposure (see Figure 13-2).

In Chapter 10. it was pointed out that blood lead is logarithmically related to chelata-
ble lead (the 1atter being a more useful measure of the potentially toxic fraction of body
lead), such that, a unit change in blood lead is associated with an increasingly larger amount
of chelatable .̂ad. One consequence of this relationship is that moderately elevated blood
lead value-; i*i 11 tend to mask the "margin of safety" in terms of mobile body lead burdens.
Such masking !•> apparent in several studies where chelatable lead levels in children showing
moderate elevations in blood lead overlapped those obtained in subjects showing frank plum-
bism, i.e., overt lead intoxication. In a multi-institutional survey involving several hun-
dred children, it was found that a significant percentage of children with moderately elevated
blood lead values had chelatable lead burdens which qualified them for medical treatment.

13-14



Figure 13-2. Illustration of main body compartments involved in partitioning, retention, and excretion
of absorbed lead and selected target organs for lead toxicity. Inhaled and ingested lead circulates via
blood (1) to mineralizing tissues such as tMth and bone (2), where long-term retention occurs reflective of
cumulative past exposures. Concentrations of lead in blood circulating to "soft tissue" target organs
such as brain (3), peripheral nerve, and kidney, reflect both recent external exposures and lead re-
circulated from internal reservoirs (e.g. bone). Blood lead levels used to index internal body lead
burden tend to be in equilibrium with lead concentrations in soft tissues and, below 30 M9/dl, also
generally appear to reflect accumulated lead stores. However, somewhat more elevated current blood
lead levels may "mask" potentially more toxic elevations of retained lead due to relatively rapid declines
in blood lead in response to decreased external exposure. Thus, provocative chelation of some children
with blood leads of 30-40 pg/dl, for example, results in mobilization of lead from bone and other
tissues into blood and movement of the lead (4) into kidney (5), where it is filtered into urine and
excreted (6) at concentrations more typical of overtly lead-intoxicated children with higher blood lead
concentrations.

13-15



Related to the above is the question of the source of chelatable lead. It was noted in
Chapter 10 that some sizable fraction of chelatable lead is derived from bone and that thii.
compels reappraisal of the notion that bone is an "inert sink" for otherwise toxic body lead.
The notion of bone lead as toxicological ly inert never did accord with what was known from
studies of bone physiology, i.e., that bone is a "living" organ. The thrust of recent studies
of chelatable lead, as well as interrelationships of lead and bone metabolism, supports the
view that bone lead is actually an insidious source of long-term systemic lead exposure rather
than a protective mechanism which permits significant lead contact in industrialized popula-
tions.

The complex interrelationships of lead exposure, blood lead, and lead in body compart-
ments is of particular interest in considering the disposition of lead in young children.
Since children take in more lead on a weight basis, and absorb and retain more of this lead
than the adult, one might expect that either tissue and blood levels would be significantly
elevated or that the child's skeletal system would be more efficient in lead sequestration.
Average blood lead levels in young children are generally either similar to adult males or
somewhat higher than for adult females. Limited autopsy data, furthermore, indicate that soft
tissue levels in children are not markedly different from adults, whereas the skeletal system
shows an approximate 2-fold increase in lead concentration from infancy to adolescence.
Neglected in this observation is the fact that the skeletal system in children grows at an
exponential rate, so that skeletal mass increases 40-fold during the interval in childhooo
when bone lead levels increase 2-fold; this results in an actual increase of approximately 80-
fold in total skeletal lead. If the skeletal growth factor is taken into account, along with
growth in soft tissue and the expansion of vascular fluid volumes, the question of lead dis-
position in children is better understood. Finally, limited animal data indicate that blood
lead alterations with changes in lead exposure are poor indicators of such changes in target
tissue. Specifically, it appears that abrupt reduction of lead exposure will be more rapidly
reflected by decreases in blood lead than by decreased lead concentrations in such target
tissues as the central nervous system, especially in the developing organism. This discord-
ance may underlie the observation that severe lead neurotoxicity in children is associated
with a rather broad range of blood lead values (see Section 12.4).

The above discussion of some of the problems with the use of blood lead in assessing tar-
get tissue burdens or the toxicologically active fraction of total body lead is really a sum-
mary of tho toxicokinetic problems inherent with use of blood lead levels in defining margins
of safety for avoiding internal exposure or undue risk of adverse effects. If, for example,
blood lead levels of 30-50 ug/dl in "asymptomatic" children are associated with chelatable
lead burdens which overlap those encountered in frank pediatric plumbism, as documented in
several studies of lead-exposed children, then there is no margin of safety at these blood
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levels for severe effects which are not at all a matter of controversy. Were it both logisti-
cal ly feasible to do so on a large scale and were the use of chelants free of health risk to
the subjects, serial provocative chelation testing would appear to be the better indicator of
exposure and risk. Failing this, the only prudent alternative is the use of a large safety
factor applied to blood lead which would translate to an "acceptable" chelatable burden. It
is likely that this blood lead value would lie well below the currently accepted upper limit
of 25 ug/dl (U.S. Centers for Disease Control, 1985), since the safety factor would have to be
large enough to protect against frank plurobism as well as more subtle health effects seen with
non-overt lead intoxication. This rationale from the standpoint of lead toxicokinetics is
also in accord with the growing data base for dose-response relationships of lead's effects on
heme biosynthesis, erythropoiesis, and the nervous system in humans as detailed in Sections
12.3 and 12.4 (see also Section 13.5, below).

Further development and routine use of in situ mineral tissue testing at time points con-
cordant with on-going exposure and the comparison of such results with simultaneous blood lead
and chelatable lead measurement would be of significant value in further defining what level
of blood lead is indeed an acceptable upper limit.

13.4 DEMOGRAPHIC CORRELATES OF HUMAN LEAD EXPOSURE AND RELATIONSHIPS BETWEEN EXTERNAL AND
INTERNAL LEAD EXPOSURE INDICES

13.4.1 Demographic Correlates of Lead Exposure
Studies of ancient populations using bone and teeth show that levels of internal exposure

of lead today are substantially elevated over past levels. Studies of current populations
living in remote areas far from urbanized cultures show bloqd lead levels in the range of 1-5
|jg/dl. In contrast to the blood lead levels found in remote populations, data from current
U.S. populations generally have geometric means ranging from 10 to 20 ug/dl depending on age,
race, sex, and degree of urbanization. These higher blood lead levels in the United States
appear to be associated with industrialization and widespread commercial use of lead, e.g., in
gasoline combustion.

Age appears to be one of the most important demographic covariates of blood lead levels.
Blood lead levels in children up to six years of age are generally higher than those in non-
occupationally exposed adults. Children aged two to three years tend to have the highest
levels, as shown in Figure 13-3. Blood lead levels in non-occupationally exposed adults may
increase slightly with age due to skeletal lead accumulation.

Sex has a differential impact on blood lead levels, depending on age. No significant
differences exist between males and females less than seven years of age; males above the age
of seven generally have higher blood lead levels than females. Race also plays a role, in
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Figure 13-3. Geometric mean blood lead levels by race and age for younger children in the
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that blacks have higher blood lead levels on average than either whites or Hispanics. The
reason for this is not yet fully understood; genetic factors have yet to be fully disentangled
from differential exposure circumstances and other factors.

Blood lead levels also seem to increase with degree of urbanization. Data from NHANES II
show that blood lead levels in the United States, averaged from 1976 to 1980, increase from a
geometric mean of 11.9 ug/dl in rural populations to 12.8 ug/dl in urban populations less than
one million, and increase again to 14.0 ug/dl in urban populations of one million or more.

Recent U.S. blood lead levels show a downward trend occurring consistently across race,
age, and geographic location. This pattern commenced in the early part of the 1970's and has
continued into 1980. The downward trend has occurred from a shift in the entire distribution
and not through a truncation in the high blood lead levels. This consistency suggests a
general causative factor, and attempts have been made to identify the causative element.
Reduction in lead emitted from the combustion of leaded gasoline is a prime candidate (See
discussion under 13.4.2).

Distribution of blood lead levels, examined on a population basis, generally have simi-
larly skewed distributions. That is, blood lead levels from populations thought to be homoge-
nous in terms of demographic and lead exposure characteristics generally follow an approxi-
mately lognormal distribution. Geometric standard deviations (an estimation of dispersion)
for observed distributions from four different studies discussed in Chapter 11 (including
analytic error) are about 1.4 for children and possibly somewhat smaller for adults. This
allows an estimation of the upper tail of the blood lead distribution for the U.S. population,
which would be the population segment expected to be at greater risk.

13.4.2 Relationships Between External and Internal Lead Exposure Indices
There is no question that, across a broad spectrum of external air lead concentrations

ranging upward to beyond 10-20 ug/m3, the relationship between air lead exposures and in-
creases in blood lead levels is nonlinear. However, because one main purpose of this document
is to examine relationships of lead in air and lead in blood under ambient conditions, the
results of studies most appropriate for this purpose were emphasized in Chapter 11. A summary
of the most appropriate studies appears in Table 13-4. At air lead exposures of 3.2 ug/m3 or
less, there is no statistically significant difference between curvilinear and linear blood
lead inhalation relationships. Also, for air lead exposures of 10 ug/m3 or more, either non-
linear or linear relationships can be fitted. Thus, a reasonably consistent picture emerges
in which the blood lead-air lead relationship by direct inhalation appears to be approximately
linear in the range of normal ambient exposures (0.1-2.0 ug/m3) as discussed in Chapter 7.
Differences among individuals in a given study, and among several studies are large, so that
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TABLE 13-4. SUMMARY OF BLOOD INHALATION SLOPES (p)

Population

Children

Study

Angle and
Mclntire (1979),
Omaha, NE

Roels et al .
(1980),
Belgium

Study
Type N

Population 1074

Population 148

Slope (p),
ug/dl per ug/m3

1.92

2.46

Model sensitivi
of slope

(1.40 - 4.40)b'C>

(1.55 - 2.46)b)C

ty

d

Adult Males

Yankel et al.
(1977); Walter
et al. (1980),
Idaho

Azar et al.
(1975), five
groups

Griffin et al.
(1975), NY
prisoners

Population 879

Population

Experiment

149

43

1.52

1.32

1.75

(1.07 - 1.52)b)C)d

(1.08 - 2.39)c'd

(1.52 - 3.38)'

Gross
(1979)

Rabinowitz et
al. (1973,1976,
1977)

Experiment

Experiment

6

5

1.25

2.14

(1.25 -

(2.14 -

1.55T

3.51)f

Selected from among the most plausible statistically equivalent models. For nonlinear
models, slope at 1.0 ug/m3.
Sensitive to choice of other correlated predictors such as dust and soil lead.

GSensitive to linear vs. nonlinear at low air lead.
Sensitive to age as a covariate. r

Sensitive *,o baseline changes in controls.
Sensitive to assumed air lead exposure.
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pooled estimates of the blood lead inhalation slope depend upon the the weight given to vari-
ous studies. Several studies were selected for analysis, based upon factors described earli-
er. ERA analyses of experimental and clinical studies (Griffin et al., 1975; Rabinowitz et
al., 1973, 1976, 1977; Kehoe 1961a,b,c; Gross 1981; Hammond et al. , 1981) suggest that blood
blood lead in adults increases by approximately 1.64 ± 0.22 ug/dl from direct inhalation of
each additional ug/m3 of air lead. ERA anaylsis of Azar's population study (Azar et al.,
1975) yields a slope of 1.32 ± 0.38 for adult males. ERA analyses of other population studies
(Yankel et al., 1977; Roels et al., 1980; Angle and Mclntire, 1979) suggest that, for child-
ren, the blood lead increase is approximately 1.92 (a median estimate) ug/dl per each ug/m3

increment of air lead.
These slope estimates are based on the assumption that an equilibrium level of blood lead

is achieved within a few months after exposure begins. This is only approximately true, since
lead stored in the skeleton may return to blood after some years. Chamberlain et al. (.1978)
suggest that long-term inhalation slopes should be about 30 percent larger than these esti-
mates. Inhalation slopes quoted here are associated with a half-life of blood lead in adults
of about 30 days. O'Flaherty et al. (1982) suggest that the blood lead half-life may increase
slightly with duration of exposure, but this has not been confirmed (Kang et al., 1983).

One possible approach would be to regard all inhalation slope studies as equally infor-
mative and to calculate an average slope using reciprocal squared standard error estimates as
weights. This approach has been rejected for two reasons. First, the standard error estima-
tes characterize only the internal precision of an estimated slope, not its representativeness
(i.e., bias) or predictive validity. Secondly, experimental and clinical studies obtain more
information from a single individual than do population studies. Thus, it may not be appro-
priate to combine the two types of studies.

While estimates of the inhalation slope for children are only available from population
studies, the importance of dust ingestion as a non-inhalation pathway for children is estab-
lished by many studies. Slope estimates have been derived for air lead inhalation based on
several such studies (e.g., Angle and Mclntire 1979; Roels et al., 1980; Yankel et al., 1977)
from which the air inhalation and dust ingestion contributions can both be estimated.
Brunekreef (1984) reviewed these and other studies and found wide variations in slope
estimates that include aggregate impacts of direct inhalation and indirect dust contributions.
Such aggregate analyses from some of the better conducted studies yield slope estimates in the
general range of 4-6 ug/dl blood lead per ug/m3 air lead increase. Also, results from another
recent analysis (Angle et al., 1984) suggest that indirect soil/dust contributions contribute
blood lead increases of 4-5 ug/dl in addition to the direct inhalation contribution of 1.92
|jg/dl blood lead per ug/m3 air lead.
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While direct inhalation of air lead is stressed, this is not the only air lead contribu-
tion that needs to be considered. Smelter studies allow partial assessment of the air lead
contributions to soil, dust, and finger lead. Conceptual models allow preliminary estimation
of the propagation of lead through the total food chain as shown in Chapter 7; useful mathe-
matical models to quantify this propagation through the food chain need to be developed. The
direct inhalation relationship does provide useful information on changes in blood lead in
response to changes in air lead on a time scale of several months. However, the indirect
pathways through dust and soil and through the food chain may delay the total blood lead
response to changes in air lead, perhaps by one or more years. The Italian ILE study facili-
tates partial assessment of this delayed response from leaded gasoline as a source.

Dietary absorption of lead varies greatly from one person to another and depends on the
physical and chemical form of the carrier, on nutritional status, and on whether lead is in-
gested with food or between meals. These distinctions are particularly important for consump-
tion by children of leaded paint, dust, and soil. Typical values of 10 percent absorption of
ingested lead into blood have been assumed for adults and 25-50 percent for children.

It is difficult to determine accurate relationships between blood lead levels and lead
levels in food or water. While dietary intake must be estimated by duplicate diets or fecal
lead determinations, water lead levels can be determined with some accuracy. However, the
varying amounts of water consumed by different individuals add to the uncertainty of the esti-
mated relationships.

Quantitative analyses relating blood lead levels and dietary lead exposures have been re-
ported. While studies on infants provide estimates that are in close agreement, only one
individual study is available for adults (Sherlock et al. 1982); another estimate from a num-
ber of pooled studies is also available. These two estimates are in good agreement. Most of
the subjects in the Sherlock et al. (1982) and United Kingdom Central Directorate on Environ-
mental Pollution (1982) studies received quite high dietary lead levels (>300 ug/day). The
fitted cube root equations give high slopes at lower dietary lead levels. On the other hand,
the linear slope of the United Kingdom Central Directorate on Environmental Pollution (1982)
study is probably an underestimate of the slope at lower dietary lead levels. For these
reasons, the Ryu et al. (1983) study appears to be the most reliable, although it only applies
to infants. Estimates for adults can be obtained from the experimental studies, but would
most appropriately apply at high exposure levels (e.g., >300 ug/day). In such studies, most
of the dietary lead intake supplements were so high that many of the subjects had blood lead
concentrations much in excess of 30 ug/dl for a considerable part of the experiment. The
blood lead levels thus may not have completely reflected lead exposure, due to the previously
noted nonlinearity of blood lead response at high exposures. The slope estimates for adult
dietary intake are about 0.02 pg/dl increase in blood lead per ug lead/day total intake, but
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consideration of blood lead kinetics may increase this value to about 0.04. Such values are a
bit lower than those estimated from the population studies extrapolated to typical dietary in-
takes: that is, about 0.05 ug/dl per ug/day. The Ryu et al. (1983) value for infants is much
larger, being about 0.16 ug/dl per ug/day.

The relation between blood lead and water lead is not clearly defined and is often de-
scribed as nonlinear. Water lead intake varies greatly from one person to another. It has
been assumed that children can absorb 25-50 percent of lead in water. Some authors chose to
fit cube root models to their data, although polynomial and logarithmic models were also used.
Unfortunately, the form of the model greatly influences the estimated contributions to blood
lead levels from relatively low water lead concentrations.

Although there is close agreement in the quantitative analyses of the relationship
between blood lead level and dietary lead, there is a larger degree of variability in results
of the various water lead studies. Over a wide range of water lead concentrations, the rela-
tionship is curvilinear, but its exact form has yet to be determined. At typical ambient
water levels for U.S. populations, the relationship appears linear. The only study that
determines the relationship based on lower water lead values (<100 ug/1) is the Pocock et al.
(1983) study. The data from this study, as well as the authors themselves, suggest that the
relationship is linear in this lower range of water lead levels. Furthermore, the estimated
contributions to blood lead levels in this study are quite consistent with the polynomial
models from other studies. For these reasons, the Pocock et al. (1983) slope of 0.06 is con-
sidered to represent the best estimate. The possibility still exists, however, that the
higher estimates of the other studies may be correct in certain situations, especially at
higher water lead levels (>100 ug/1).

Studies relating soil lead to blood lead levels are difficult to compare. The relation-
ship obviously depends on depth of soil lead, sampling method, cleanliness of the home, age of
the children, mouthing activities of the children, and possibly many other factors. Various
soil sampling methods and sampling depths have been used over time, and as such they may not
be directly comparable and may produce a dilution effect of the major lead concentration con-
tribution from dust, which is located primarily in the top 2 cm of the soil. Increases in
soil dust lead significantly increase blood lead in children. From several studies (Yankel et
al., 1977; Angle and Mclntire, 1979) ERA estimates an increase of 0.6-6.8 ug/dl in blood lead
for each increase of 1000 ug/g in soil lead concentration. The values from the Stark et al.
(1982) study of about 2 ug/dl per 1000 ug/g may represent a reasonable median estimate. The
relationship of housedust lead to blood lead is difficult to obtain. Household dust also in-
creases blood lead, as children from the cleanest homes in the Silver Valley/Kellogg Study had
6 ug/dl less lead in blood, on average, than those from the households with the most dust.
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A number of specific environmental sources of airborne lead have been evaluated for po-
tential direct influence on blood lead levels. Combustion of leaded gasoline appears to be an
extremely important contributor to airborne lead in the United States, as indicated by strong
associations between reductions in nationwide gasoline lead usage and average U.S. blood lead
levels determined by a major population survey on a nationwide level. Studies of data from
blood lead screening programs in specific U.S. metropolitan areas also suggest that the down-
ward trend in blood lead levels noted earlier is due to reductions in air lead levels, mainly
attributable to reductions of lead in gasoline.

In addition, other studies used isotope ratios of lead to estimate the relative propor-
tion of lead in the blood coming from airborne lead or, more specifically, from leaded gaso-
line usuage. For example, from the Isotopic Lead Experiment (ILE) data of Facchetti and Geiss
(1982) and Facchetti (1985), as shown in Table 13-5, the direct inhalation of air lead may
account for 60 percent of the total adult blood lead uptake from leaded gasoline in a large
urban center, but inhalation is a much less important pathway in suburban parts of the region
(19 percent of the total gasoline lead contribution) and in the rural parts of the region (9
percent of the total gasoline lead contribution). ERA analyses of the preliminary results
from the ILE study separated the inhalation and non-inhalation contributions of leaded gaso-
line to blood lead into the following three parts: (1) an increase of about 1.7 ug/dl in
blood lead per ug/m3 of air lead, attributable to direct inhalation of the combustion products
of leaded gasoline; (2) a sex difference of about 2 ug/dl attributable to lower exposure of
women to indirect (non-inhalation) pathways for gasoline lead; and (3) a non-inhalation back-
ground attributable to indirect gasoline lead pathways, such as ingestion of dust and food,
increasing from about 2 ug/dl in Turin to 3 ug/dl in remote rural areas. The non-inhalation
background represents only two to three years of environmental accumulation at the new experi-
mental lead isotope ratio. It is not clear how to numerically extrapolate these estimates to
subpopulations in the United States; however, it is evident that even in rural and suburban
parts of a metropolitan area, the indirect (non-inhalation) pathways for exposure to leadeo
gasoline make a significant contribution to blood lead. This can be seen in Table 13-5. It
should also be noted that the blood lead isotope ratio responded fairly rapidly when the gaso-
line lead isotope ratio returned to its pre-experimental value, but it is not yet possible to
estimate the long-term change in blood lead attributable to persistent exposures to accumu-
lated environmental lead.

The strongest kind of scientific evidence about causal relationships is based on an ex-
periment in which all possible extraneous factors are controlled. The evidence derived from
the Isotopic Lead Experiment comes very close. The experimental intervention consisted of
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TABLE 13-5. ESTIMATED CONTRIBUTION OF LEADED GASOLINE TO BLOOD LEAD
BY INHALATION AND NON-INHALATION PATHWAYS

Location

Turin
<25 km
>25 km

Air lead
fraction
from
gaso-
line3

0.873
0.587
0.587

Mean
air
lead b
cone. ,
ug/m3

2.0
0.56
0.30

Blood Pb
fraction
from
gaso-
line0

0.214
0.114
0.101

Mean
blood
lead d
cone. ,
ug/dl

21.77
25.06
31.78

Blood
Pb
from
gaso-
line.
ug/dl

4.66
2.86
3.21

Pb
from
gaso-
line -
in air,
ug/dl

2.79
0.53
0.28

Non-
inhaled
Pb from
gaso-
line , a
ug/dl

1.80
2.33
2.93

Estimated
fraction
gas- lead
inhaJa-. . ntion

0.60
0.19
0.09

Fraction of air lead in Phase 2 attributable to lead in gasoline.
Mean air lead in Phase 2, ug/m3.

cMean fraction of blood lead in Phase 2 attributable to lead in gasoline.
Mean blood lead concentration in Phase 2, ug/dl.
Estimated blood lead from gasoline = (c) x (d).
Estimated blood lead from gas inhalation = p x (a) x (b), B = 1.6.
Estimated blood lead from gas, non-inhalation = (f)-(e).
Fraction of blood lead uptake from gasoline attributable to direct inhalation = (f)/(e).

Data: Facchetti and Geiss (1982); Facchetti (1985).

replacing the normal 206Pb/207Pb isotope ratio by a very different ratio. There is no plausi-
ble mechanism by which other concurrent lead exposure variables (food, water, beverages,
paint, industrial emissions) could have also changed their isotope ratios. Hence the very
large changes in isotope ratios in blood were responding to the change in gasoline. Our
analyses (Chapter 11) show that consideration of inhalation of community air lead alone pro-
bably substantially underestimates the total effect of gasoline lead, at least in the 35 sub-
jects whose blood leads were tracked 1n the ILE Preliminary Study. Spengler et al. (1984), as
discussed in Section 11.3, also suggest that part of the extra exposure could possibly be
attributed to exposure to higher-than-ambient air lead concentrations inside motor vehicles,
e.g., on the trip to work; however, no data are presently available to confirm this hypothe-
sis.

Primary lead smelters, secondary lead smelters, and battery plants emit lead directly in-
to the air and ultimately increase soil and dust lead concentrations in their vicinity.
Adults, and especially children, have been shown to exhibit elevated blood lead levels wher
living close to these sources. Blood lead levels in these residents have been shown to be
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related to air lead, as well as to soil or dust lead exposures. In addition, individuals
(especially children) living in housing units with deteriorating or weathering lead-based
paint may also be exposed via lead accumulated in dust or soils within or around their dwell-
ings.

13.4.3 Proportional Contributions of Lead in Various Media to Blood Lead
in Human Populations

The various mathematical descriptions of the relationship of blood lead to lead in indi-
vidual media—air, food, water, dust, soil—were discussed in some detail in Chapter 11 and
concisely in the preceding section (13.4.2) of this chapter. Using values for lead intake/
content of these media which appear to represent the current exposure picture for human popu-
lations in the United States, these relationships are further employed in this section to
estimate proportional inputs to total blood lead levels in U.S. children. Such an exercise is
of help in providing an overall perspective on which routes of exposure are of most signifi-
cance in terms of contributions to blood lead levels seen especially in urban children, the
population group in the United States at greatest risk for lead exposure and its toxic ef-
fects.

Table 13-6 tabulates the relative direct contributions of air lead to blood lead at dif-
ferent air lead levels for calculated typical background levels of lead from food, water, and
dust for children in the United States. Also listed are the direct and indirect contributions
of air lead to ulood lead at varying air lead levels for children, given calculated typical
background levels of blood lead. Calculations and assumptions used in deriving the estimates
shown in Table 13-6 are summarized in footnotes to that table. The diet contributions listed
in the table, for example, are based on the following: (1) estimated average background
levels of lead (from non-air and air sources) in food ingested per day by children, as
delineated in Table 7-19, and (2) the value of 0.16 ug/dl of blood increase per ug/day food
lead intake found by Ryu et al. (1983) for infants. Similarly, values for other parameters
used in Table 13-6 are obtained from work discussed in Chapters 7 and 11.

It is of interest to compare (1) estimated blood lead values predicted in Table 13-6 to»
occur at particular air lead concentrations with (2) actual blood lead levels observed for
children l i v i n y in the United States in areas with comparable ambient air concentrations. As
an example, NHANES II survey results for children living in rural areas and urban areas of
more than one 'nillion population or less than one million were presented in Table 11-5. For
children (aged 0.5-5 yr) living in urban areas of >1 million, the mean blood lead value was
16.8 ug/dl, a value representative of average blood lead levels nationwide for preschool chil-
dren living in large urban areas during the NHANES survey period (1976 to February, 1980).
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Ambient air lead concentrations (quarterly averages) during the same time period (1976-1979)
for a geographically diverse sample of large urban areas in the United States (population
>1 million) are available from Table 7-3. The air lead levels during 1976-1979 averaged 1.06
ug/m3 for all cities listed in Table 7-3 and 1.12 ug/m3 for eight cities in the table that
were included in the NHANES II study (i.e., Boston, New York, Philadelphia, Detroit, Chicago,
Houston, Los Angeles, and Washington, DC). The Table 13-6 blood lead values of 12.6-14.6
ug/dl estimated for air lead levels of 1.0-1.25 ug/m3 approximate the observed NHANES II
average of 16.8 ug/dl for children in large urban areas with average air lead levels of
1.06-1.12 ug/m3. The NHANES II blood lead values for preschool children would be expected to
be somewhat higher than the estimates in Table 13-6 because the latter were derived from PDA
data for 1981-1983, which were lower than the PDA values for the 1976-1980 NHANES II period
(see Chapter 7). PDA data for food, water, and beverages for the 1976-1980 period are not in
a form exactly comparable to the 1981-1983 data used in calculating background contributions
in Table 13-6, but do suggest that lead levels in those media declined by about 20 percent
from the 1976-1980 period to 1981-1983. If background contributions in Table 13-6 were cor-
rected (i.e., increased by 20 percent) to be comparable to the 1976-1980 period, then the
blood lead levels of children exposed to 1.25 ug/m3 air lead would increase to 15.5 ug/dl, a
value even closer to the mean of 16.8 ug/dl found for NHANES II children living in urban
environments (>1 million) during 1976-1980.

13.5 BIOLOGICAL EFFECTS OF LEAD RELEVANT TO THE GENERAL HUMAN POPULATION
13.5.1 Introduction

It is clear from the wealth of available literature reviewed in Chapter 12 that there
exists a continuum of biological effects associated with lead across a broad range of expo-
sure. At rather low levels of lead exposure, biochemical changes, e.g., disruption of certain
enzymatic activities involved in heme biosynthesis and erythropoietic pyrimidine metabolism,
are detectable. Heme biosynthesis 1s a generalized process in mammalian species, including
man, with importance for normal physiological functioning of virtually all organ systems.
With increasing lead exposure, there are sequentially more intense effects on heme synthesis
as well as a broadening of effects to additional biochemical and physiological mechanisms in
various tissues. In addition to heme biosynthesis impairment at relatively low levels of lead
exposure, disruption of normal functioning of the erythropoietic and nervous systems are among
the earliest effects observed as a function of increasing lead exposure. With increasingly
intense exposure, more severe disruption of the erythropoietic and nervous systems occur and
additional organ systems are affected, resulting, for example, in manifestation of renal
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TABLE 13-6. CONTRIBUTIONS FROM VARIOUS MEDIA TO BLOOD LEAD LEVELS (ug/dl) OF
U.S. CHILDREN (AGE = 2 YEARS): BACKGROUND LEVELS AND INCREMENTAL CONTRIBUTIONS FROM AIR

Source

Background-non air
Food, Water and
Beverages

Dust0
Subtotal

0

2.37
0.30
07

0.25

2.37
0.30
O7

0.50

2.37
0.30
07

Air lead,
0.75

2.37
0.30
2.67

ug/m3
1.00

2.37
0.30
2.67

1.25

2.37
0.30
2.67

1.50

2.37
0.30
2.67

Background-air
Food, Water and
Beverages0 1.65 1.65 1.65 1.65 1.65 1.65 1.65

Ingested dust (with Rb
deposited

Inhaled ai

Total

from air)

re
0.00

0.00

4.32

1.

0.

6.

57

50

39

3.09

1.00

8.41

4.

1.

10.

70

50

52

6.

2.

12.

27

00

59

7.84

2.50

14.66

9.40

3.00

16.72

aFrom Table 7-19, (25.1 - 10.3) ug/day x (0.16 from Ryu et al., 1983) = 2.37 ug/dl .
From Chapter 7, 1/10 dust not atmospheric. Using Angle et al. (1984) low area (Area S)
for soil and house dust and their regression equation, we have: (1/10) x (97 ug/g x
0.00681 + 324 ug/g x 0.00718) = 0.30 ug/dl . Alternatively, the consumption from non air
would be (1/10) x (97 ug/g soil dust + 324 ug/g house dust) x 0.05 grams ingested of
each = 2.1 ug ingested. Using Ryu et al . (1983), 2.1 x 0.16 = 0.34 ug/dl added to blood.

GAs in (a) above, but using 10.3 instead of (25.1 - 10.3) yields 1.67 ug/dl. Values are
derived for component of background Pb in food from past deposition from air onto soil and
into other media leading into human food chain (not expected to change much except over
long-term).
The regression equations of Angle et al. (1984) are used, as well as levels of soil dust
and house dust in the low area (S) and high area (C) of that study. For example, the
increase at 1.0 ug/m3 in air would result in increases in soil as follows:(519 • 97) = 526
Similarly the increase in house dust would be:

i: 86 '2: 29 x (625 - 324) = 374
The effect on olood lead would be (526 x 0.00681) + (374 x 0.00718) = 6.27 ug/dl.

eUsing the 2.0 slope from Angle et al . (1984), i.e., 1.93 rounded up.
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effects, disruption of reproductive functions, and impairment of immunological functions. A
sufficiently high levels of exposure, the damage to the nervous system and other effects ca
be severe enough to result in death or, in some cases of non-fatal lead poisoning, long
lasting sequelae such as permanent mental retardation.

As discussed in Chapter 12 of this document, numerous new studies, reviews, and critique
concerning lead-related health effects have been published since the issuance of the earlie
ERA Lead Criteria Document in 1977. Of particular importance for present criteria developmen
purposes are those new findings, taken together with information available at the writing o
the 1977 Lead Criteria Document, which have bearing on the establishment of quantitativ
dose-effect or dose-response relationships which can be potentially viewed as adverse healt
effects likely to occur among the general population at or near existing ambient air concen
trations of lead in the United States. Key information regarding observed health effect
and their implications are discussed below for adults and children.

For the latter group, children, emphasis is placed on the discussion of (1) heme biosyn-
thesis effects, (2) certain other biochemical and hematological effects, and (3) the disrup-
tion of nervous system functions. All of these appear to be among those effects of most con-
cern for potential occurrence -in association with exposure to existing U.S. ambient air lea(
levels for the population group at greatest risk for lead-induced health effects (i.e., chil-
dren £6 years old). Emphasis is also placed on the delineation of internal lead exposure
levels, as defined mainly by blood lead (PbB) levels likely associated with the occurrence of
such effects. Also discussed are characteristics of the subject effects that are of crucial
importance with regard to the determination of which might reasonably be viewed as constitu-
ting "adverse health effects" in affected human populations.•»

Over the years, there have been superimposed on the continuum of lead-induced biologica"
effects various judgments as to which specific effects observed in man constitute "adverse
health effects." Such judgments involve not only medical consensus regarding the health sig-
nificance of particular effects and their clinical management, but also incorporate societal
value judgments. Such societal value judgments often vary depending upon the specific overall
contexts in which they are applied; e.g., in judging permissible exposure levels for occupa-
tional versus general population exposures to lead. For some lead exposure effects, e.g.,
severe nervous system damage resulting in death or serious medical sequelae consequent to in-
tense lead exposure, there exists little or no disagreement as to these being significant
"adverse health effects." For many other effects detectable at sequentially lower levels of
lead exposure, however, the demarcation lines as to which effects represent adverse health ef-
fects and the lead exposure levels at which they are accepted as occurring are neither sharp
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nor fixed, having changed markedly during the past several decades. That is, from an histor
cal perspective, levels of lead exposure deemed to be acceptable for either occupational 1
exposed persons or the general population have been steadily revised downward as more sophi>
ticated biomedical techniques have revealed formerly unrecognized biological effects and co
cern has increased in regard to the medical and social significance of such effects. As
concrete example, pediatric blood lead concentrations deemed to be associated with unaccep
able risk of lead toxicity have been repeatedly revised downward by the U.S. Public Heal
Service (see COC, 1985).

It is difficult to provide a definitive statement of all criteria by which specific bi
logical effects associated with any given agent can be judged to be "adverse health effects
Nevertheless, several criteria are currently well-accepted as helping to define which effec
should be viewed as "adverse." These include the following: (1) impaired normal functioni
of a specific tissue or organ system itself; (2) reduced reserve capacity of that tissue
organ system in dealing with stress due to other causative agents; (3) the reversibilit
irreversibility of the particular effect(s); (4) the relative frequency of a given effect; (
presence of the effect in a vulnerable segment of the population; and (6) the cumulative
aggregate impact of various effects on individual organ systems on the overall functioning a
well-being of the individual.

Examples of possible uses of such criteria in evaluating lead effects can be cited f
illustrative purposes. For example, impairment of heme synthesis intensifies with increas^
lead exposure until hemoprotein synthesis is inhibited in many organ systems, leading to r
ductions in such functions as oxygen transport, cellular energetics, neurotransmitter fun
tions, detoxification of xenobiotic agents, and biosynthesis of important substances such
1,25-dihydroxyvitamin D. In Figure 13-4, the far-ranging impact of lead on the body heme po
and associated disruption of many physiological processes is depicted, based on data discuss
in Sections 12.2 and 12.3. Furthermore, inspection of Figure 13-4 reveals effects that can
viewed as intrinsically adverse as well as those that reduce the body's ability to cope wi
other forms of toxic stress, e.g., reduced hepatic detoxification of many types of xenobioti
and, possibly, impairment of the immune system. The liver effect can also be cited as
example of reduced reserve capacity pertinent to consideration of the effects of lead, as t
reduced capacity of the liver to detoxify certain drugs or other xenobiotic agents resul
from lead effects on hepatic detoxification enzyme systems.

In regard to the issue of reversibility/irreversibility of lead effects, there are real
two dimensions to the issue that need to be considered, i.e.: (1) biological reversibility
irreversibility characteristic of the particular effect in a given organism; and (2) the gen
rally less-recognized concept of exposure reversibility or irreversibility. Severe centr
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Figure 13-4. Multi-organ impact of reductions of heme body pool by lead. Impairment of heme
synthesis by lead (see Section 12.3) results in disruption of a wide variety of important physio-
logical processes in many organs and tissues. Particularly well documented are erythropoietic,
neural, renal-endocrine, and hepatic effects indicated above by solid arrows (——^). Plausible
further consequences of heme synthesis interference by lead which remain to be more conclu-
sively established are indicated by dashed arrows (- — ̂ -).
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nervous system damage resulting from intense, high-level lead exposure is generally accepted
as arr irreversible effect of fead exposure; the reversibility/irreversibility of certain more
difficult-to=detect neurological effects occurring at lower leati exposure levels, however,
remains a matter of some controversy. The concept of exposure reversibility/irreversibility
carv be illustrated by the case of urban children of low socioecomomic status showing disturb-
ances in heme biosynthesis and erythropoiesis. Biologically, these various effects may be
considered reversible; the extent to which actual reversibility occurs, however, is determined
by the feasibility of removing these subjects from their particular lead exposure setting. If
such removal from exposure is unlikely or does not occur, then such effects wiIT logically
persist and, defacto, constitute essentially irreversible effects.

The issues of frequency of effects and vulnerable segments of the population in whom
these effects occur are intimately related. As detailed later in Section 13.7, young chil-
dren—particularly inner-city children—constitute a high risk group because they do show a
high frequency of certain health effects, as summarized below.

13.5.2 Dose-Effect Relationships for Lead-Induced Health Effects
13.5.2.1 Human Adults. The lowest observed effect levels (in terms of blood lead concentra-
tions) thus far credibly associated with particular health effects of concern for human adults
in relation to specific organ systems or generalized physiological processes, e.g., heme syn-
thesis, are summarized in Table 13-7. That table should be viewed as representing lowest bloc
lead levels thus far credibly associated with unacceptable risk for a given effect occurring
among at least some adults. As such, many other individuals may not experience the stated
effect until distinctly higher blood lead levels are reached, due to wide ranges of individual
biological susceptibility, variations in nutritional status, and other factors.

The most serious effects associated with markedly elevated blood lead levels are severe
neurotoxic effects that include irreversible brain damage, as indexed by the occurrence of
acute or chronic encephalopathic symptoms observed in both humans and experimental animals.
For most human adults, such damage typically does n̂ot occur until blood lead levels exceed
100-120 ug/dl. Often associated with encephaTopathic symptoms at these or higher blood lead
levels are severe gastrointestinal symptoms and objective signs of effects on several other
organ systems. Precise threshold(s) for occurrence of overt neurological and gastrointestinal
signs and symptoms of lead exposure in cases of subencephalopathic lead intoxication remain to
be established, but such effects have been observed in adult lead workers at blood lead levels
as lo* as 40-60 uQ/dl, notably lower than levels earlier thought to be "safe" for adult lead
exposure. Other types of health effects occur coincident with "the above overt neurological
and gastrointestinal symptoms indicative of marked lead intoxication. These range from frank
peripheral neuropathies to chronic nephropathy and anemia.
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TABLE 13-7. SUMMARY OF LOWEST OBSERVED EFFECT LEVELS FOR KEY LEAD-INDUCED HEALTH EFFECTS IN ADULTS

Lowest observed » Heme synthesis and
effect level (PbB) hematological effects

100-120 pg/dl

80 pg/dl Frank anemia

60 M9/dl

50 ug/dl Reduced hemoglobin
production

40 ug/dl Increased urinary ALA and
elevated coproporphyrins

Neurological Effects on Reproductive Cardiovascular
i effects the kidney function effects effects

Encephalopathic signs Chronic
and symptoms nephropathy

TOvert subencephalopathic
neurological symptoms

Peripheral nerve dysfunction
(slowed nerve conduction)

Female reproductive
effects

Altered testicular
function
A.

30

25-30

15-20

Erythrocyte protoporphyrin
(EP) elevation in males

Erythrocyte protoporphyrin
(EP) elevation in females

ALA-D inhibition

Elevated blood
pressure

(White Males,)
aged 40-59

PbB = blood lead concentrations.

Source: This report.



Toward the lower range of blood lead levels associated with overt lead intoxication or
somewhat below, less severe but important signs of impairment in normal physiological func-
tioning in several organ systems are evident among apparently asymptomatic lead-exposed
adults, including the following: (1) slowed nerve conduction velocities indicative of peri-
pheral nerve dysfunction (at levels as low as 30-40 ug/dl); (2) altered testicular function
(at 40-50 ug/dl); and (3) reduced hemoglobin production (at approximately 50 ug/dl) and other
signs of impaired heme synthesis evident at still lower blood lead levels. All of these ef-
fects point toward a generalized impairment of normal physiological functioning across several
different organ systems, which becomes abundantly evident as adult blood lead levels exceed
30-40 ug/dl. Evidence for impaired heme synthesis effects in blood cells exists at still
lower blood lead levels in adults, as does evidence for elevated blood pressure in middle-aged
white males (aged 40-59). The significance of impaired heme synthesis effects and evidence of
impairment of other biochemical processes important in cellular energetics are discussed below
in relation to children.
13.5.2.2 Children. Table 13-8 summarizes lowest observed effect levels for a variety of im-
portant health effects observed in children. Again, as for adults, it can be seen that lead
impacts many different organ systems and biochemical/physiological processes across a wide
range of exposure levels. Also, again, the most serious of these effects is the severe, irre-
versible central nervous system damage manifested in terms of encephalopathic signs and symp-
toms. In children, effective blood lead levels for producing encephalopathy or death are
lower than for adults, starting at approximately 80-100 ug/dl. Permanent severe mental retar-
dation and other marked neurological deficits are among lasting neurological sequelae typical-
ly seen in cases of non-fatal childhood lead encephalopathy. Other overt neurological signs
and symptoms of subencephalopathic lead intoxication are evident in children at lower blood
lead levels (e.g., peripheral neuropathies detected in some children at levels as low as 40-60
ug/dl). Chronic nephropathy, indexed by aminoaciduria, is most evident at high exposure
levels over 100 ug/dl, but may also exist at lower levels (e.g., 70-80 ug/dl). In addition,
colic and other overt gastrointestinal symptoms clearly occur at similar or still lower blood
lead levels in children, at least down to 60 ug/dl. Frank anemia is also evident by 70 ug/dl,
representing an extreme manifestation of the reduced hemoglobin synthesis observed at blooc
lead levels as low as 40 ug/dl, along with other signs of marked inhibition of heme synthesis
at that exposure level. All of these effects are reflective of the widespread marked impact
of lead on the normal physiological functioning of many different organ systems and some arc
evident in children at blood lead levels as low as 40 ug/dl; and all of them are widely accep-
ted as being clearly adverse health effects.

Additional studies demonstrate evidence for further, important health effects occurring
in non-overtly lead-intoxicated children at similar or lower blood lead levels than thos'
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TABLE 13-8. SUMMARY OF LOWEST OBSERVED EFFECT LEVELS FOR KEY LEAD-INDUCED HEALTH EFFECTS IN CHILDREN

I
OJ

Lowest observed
effect level (PbB)*

80-100 pg/dl

Heme synthesis and
hematological effects

Neurological Renal system Gastrointestinal
effects effects effects

Encephalopathic Chronic nephropathy Colic, other overt
signs and symptoms (aminoaciduria, etc.) gastrointestinal symptoms

70 pg/dl

60 pg/dl

50 pg/dl

40 pg/dl

30 pg/dl

15 pg/dl

10 pg/dl

Frank anemia

Reduced hemoglobin
synthesis

Elevated coproporphyrln

Increased urinary ALA

Erythrocyte protoporphyin
elevation

ALA-D inhibition
1

Py-5-Nf activity
inhibition

t
?

*

Peripheral neuropathies

j

Peripheral nerve dysfunction
(slowed NCV's)

CNS cognitive effects
(IQ deficits, etc.)

? Vitamin D
inter

Altered CNS electrophysiological
responses

1 '

1

metabolism
erence

*PbB = blood lead concentrations.
tPy-5-N = pyrinidine-S'-nucteotidase.

Source: This report.



indicated above for overt intoxication effects. Among the most important of the effects dis-
cussed in Chapter 12 are neuropsychological and electrophysiological effects evaluated as
being associated with low-level lead exposures in non-overtly lead-intoxicated children.
Indications of peripheral nerve dysfunction, indexed by slowed nerve conduction velocities
(NCV), have been shown in children down to blood lead levels as low as 30 ug/dl. As for CNS
effects, none of the available studies on the subject, individually, can be said to prove con-
clusively that significant cognitive (IQ) or behavioral effects occur in children at blood
lead levels <30 ug/dl. However, the most recent neurobehavioral studies of CNS cognitive (IQ)
effects collectively demonstrate associations between neuropsychologic deficits and low-level
lead exposures in young children resulting in blood lead levels ranging to below 30 Mg/dl.
The magnitudes of average observed IQ deficits generally appear to be approxiamtely 5 points
at mean blood lead levels of 50-70 ug/dl, about 4 points at mean blood lead levels of 30-50
ug/dl, and 1-2 points at mean blood lead levels of 15-30 ug/dl. Somewhat larger decrements
have been reported for the latter blood lead range among children of lower socioeconomic
status families.

Additional recent studies have obtained results at blood lead values mainly in the 15-30
ug/dl range indicative of small, but not unimportant, effects of lead on the ability to focus
attention,"appropriate social behavior, and other types of behavioral performance. However,
due to specific methodological problems with each of these various studies (as noted in Chap-
ter 12), much caution is warranted that precludes conclusive acceptance of the observed
effects being due to lead rather than other (at times uncontrolled for) potentially confound-
ing variables. This caution is particularly warranted in view of other well-conducted studies
that have appeared in the literature which did not find statistically significant associations
between lead and similar effects at blood lead levels below 30 ug/dl. Still, because such
latter studies even found some small effects remaining after correction for confounding
factors, lead cannot be ruled out as an etiological factor contributing to the induction of
such effects in the 15-30 ug/dl range, based on existing published studies.

Also of considerable importance are studies which provide evidence of changes in EEG
brain wave patterns and CNS evoked potential responses in non-overtly lead intoxicated chil-
dren. The work of Burchfiel et al. (1980) indicates significant associations between IQ de-
crements, EEG pattern changes, and lead exposures among children with average blood lead
levels falling in the range of 30-50 ug/dl. Research results provided by Otto et al. (1981,
1982, 1983) also demonstrate clear, statistically significant associations between electrophy-
siological (SW voltage) changes and blood lead levels in the range of 30-55 ug/dl and analo-
gous associations at blood lead levels below 30 ug/dl (with no evident threshold down to 15
pg/dl or somewhat lower). In this case, the presence of electrophysiological changes observed
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upon follow-up of some of the same children two years and five years later suggests persis-
tence of such effects even in the face of later declines in blood lead levels and, therefore,
possible long-term persistence of the observed electrophysiological CNS changes. However, the
reported electrophysiological effects in this case were not found to be significantly associ-
ated with IQ decrements.

While the precise medical or health significance of the neuropsychological and electro-
physiological effects found by the above studies to be associated with low-level lead expo-
sures is difficult to fully define at this time, the IQ deficits and other behavioral changes
likely impact the intellectual development, school performance, and social development of the
affected children sufficiently so as to be regarded as adverse. This is especially true if
such impaired intellectual development or school performance and disrupted social development
are reflective of persisting, long-term effects of low-level lead exposure in early childhood.
The issue of persistence of such lead effects still remains to be more clearly resolved, with
some study results reviewed in Chapter 12 and mentioned above suggesting relatively short-
lived or markedly decreasing lead effects on neuropsychological functions over a few years,
from early to later childhood and other studies suggesting that significant low-level lead-
induced neurobehavioral and EEC effects may, in fact, persist into later childhood. Despite
any remaining ambiguities of the above type, however, the medical community has highlighted
(CDC, 1985) lead-induced neurobehavioral effects (e.g., IQ deficits and other neuropsychologic
effects) as one basis for viewing pediatric blood lead levels below 25-30 yg/dl as being asso-
ciated with unacceptable risk for lead-induced toxicity.

In regard to additional studies reviewed in Chapter 12 concerning the neurotoxicity of
lead, certain evidence exists which suggests that neurotoxic effects may be associated with
lead-induced alterations in heme synthesis, resulting in an accumulation of ALA in brain which
affects CNS GABA synthesis, binding, and/or inactivation by neuronal reuptake after synaptic
release. Also, available experimental data suggest that these effects may have functional
significance in the terms of this constituting one mechanism by which lead may increase the
sensitivity of rats to drug-induced seizures and, possibly, by which GABA-related behavioral
or physiological control functions are disrupted. Unfortunately, the available research data
do not allow credible direct estimates of blood lead levels at which such effects might occur
in rats, other non-human mammalian species, or man. Inferentially, however, one can state
that threshold levels for any marked lead-induced ALA impact on CNS GABA mechanisms are most
probably at least as high as blood lead levels at which significant accumulations of ALA have
been detected in erythrocytes or non-blood soft tissues (see below). Regardless of any dose-
effect levels inferred, though, the functional and/or medical significance of lead-induced ALA
effects on CNS mechanisms at low levels of lead exposure remains to be more fully determined
and cannot, at this time, be unequivocably seen as an adverse health effect.
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Research concerning lead-induced effects on heme synthesis also provides information of
importance in evaluating what blood lead levels are associated with significant health effects
in children. As discussed earlier, in Chapter 12 and Section 13.4, lead affects heme synthe-
sis at several points in its metabolic pathway, with consequent impact on the normal function-
ing of many body tissues. The activity of the enzyme ALA-S, catalyzing the rate-1imiting step
of heme synthesis, does not appear to be significantly affected until blood lead levels reach
or exceed approximately 40 ug/dl. The enzyme ALA-0, which catalizes the conversion of ALA to
porphobilinogen as a further step in the heme biosynthetic pathway, appears to be affected at
much lower blood lead levels as indexed directly by observations of ALA-D inhibition or in-
directly in terms of consequent accumulations of ALA in blood and non-blood tissues. More
specifically, inhibition of erythrocyte ALA-0 activity has been observed in humans and other
mammalian species at blood lead levels even below 10-15 ug/dl, with no clear threshold evi-
dent. Correlations between erythrocyte and hepatic ALA-0 activity inhibition in lead workers
at blood lead levels in the range of 12-56 ug/dl suggest that ALA-D activity in soft tissues
(e.g., brain, liver, kidney, etc.) may be inhibited at similar blood lead levels at which ery-
throcyte ALA-0 activity inhibition occurs, resulting in accumulations of ALA in both blood and
soft tissues.

Some studies indicate that increases in both blood and urinary ALA occur' below the cur-
rent commonly-accepted blood lead level of 40 ug/dl. Such increases in blood and urinary ALA
are detectable in humans at blood lead levels below 30 ug/dl, with no clear threshold evident
down to 15-20 ug/dl, although other data exist which fail to show any relationship below 40
ug/dl blood lead. Other studies have demonstrated significant elevations in rat brain,
spleen, and kidney ALA levels consequent to acute or chronic lead exposure, but no clear blood
lead levels can yet be specified at which such non-blood tissue ALA increases occur in humans.
It is reasonable to assume, however, that ALA increases in non-blood tissues likely begin tc
occur at roughly the same blood lead levels associated with increases in erythrocyte ALA
levels.

Lead also affects heme synthesis beyond metabolic steps involving ALA, leading to the
accumulation of" porphyrin in erythrocytes as the result of impaired iron insertion into the
porphyrin moiety to form heme. The por-phyrin acquires a zinc ion in lieu of the native iron,
and the resulting accumulation of blood zinc protoporphyrin (ZPP) tightly bound to erythro-
cytes for their entire life (120 day;) represents a commonly employed index of lead exposure
for medical screening purposes. The threshold for elevation of erythrocyte protoporphyrir
(EP) levels is well-established *s being 25-30 ug/dl in adults and approximately 15 ug/dl for
young children, with significant EP .jlevations (>l-2 standard deviations above reference nor-
mal EP mean levels) occurring in 50 percent of all children studied as blood lead approaches
or moderately exceeds 30 ug/dl.
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Medically, small increases in EP levels were previously not viewed as being of great
concern at initial detection levels around 15-20 ug/dl in children. However, EP increases
become more worrisome when markedly greater, significant elevations occur as blood lead levels
reach 20 to 30 ug/dl and additional signs of significantly deranged heme synthesis begin tc
appear, along with indications of functional disruption of various organ systems. Previously,
such other signs of significant organ system functional disruptions had only been credibly
detected at blood lead levels distinctly in excess of. 30 ug/dl, e.g., inhibition of hemoglobir
synthesis starting at 40 ug/dl and significant nervous system effects at 50-60 ug/dl. This
served as a basis for CDC's 1978 statement establishing 30 ug/dl blood lead as a criteria
level for undue lead exposure for young children. At the present time, however, the medical
community (COC, 1985) accepts EP elevations associated with PbB levels of 25 ug/dl or higher
as being unacceptable in pediatric populations.

Recently, it has also been demonstrated in children that lead is negatively correlatec
with circulating levels of the vitamin 0 hormone, 1,25-dihydroxyvitamin D, with the negative
association existing down to 12 ug/dl of blood lead. This effect of lead is of considerable
significance on two counts: (1) altered levels of l,25-(OH)2-vitamin D not only impact cal-
cium homeostasis (affecting mineral metabolism, calcium as a second messenger, and calcium as
a mediator of cyclic nucleotide metabolism) but also likely impact its known role in immuno-
regulation and mediation of tumorigenesis; and (2) the effect of lead on l,25-(OH)2-vitamin C
is a particularly robust one, with blood lead levels of 30-50 ug/dl resulting in decreases ir
the hormone that overlap comparable degrees of decrease seen in severe kidney injury or cer-
tain genetic diseases.

Erythrocyte Py-5-N activity in children has also been demonstrated to be negatively im-
pacted by lead at exposures resulting in blood lead levels markedly below 30 ug/dl (i.e., tr
levels below 5 ug/dl with no evident threshold). Extensive reserve capacity exists for thi?
blood enzyme, such that it is not markedly depleted until blood lead levels reach approximate-
ly 30-40 ug/dl, arguing for the Py-5-N effect in and of itself as perhaps not being particu-
larly adverse until such blood lead levels are reached. However, the observation of Py-5-r^
inhibition is more arguably indicative of more widespread impacts on pyrimidine metabolism ir
general in additional organs and tissues besides blood, such that lead exposures lower than 3C
ug/dl resulting in measurable Py-5-N inhibition in erythrocytes may be of greater medical con-
cern when viewed from this broader perspective.

Also adding to the concern about relatively low exposure levels of lead are the results
of an expanding array of animal toxicology studies which demonstrate the following: (1) per-
sistence of lead-induced neurobehavioral alterations well into adulthood long after
termination of perinatal lead exposure early in development of several mammalian species:
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(2) evidence for uptake and retention of lead in neural and non-neuronal elements of the CMS,
including long-term persistence in brain tissues after termination of external lead exposure
and blood lead levels have returned to "normal"; and (3) evidence from various in vivo and in
vitro studies indicating that, at least on a subcellular-molecular level, no threshold may
exist for certain neurochemical effects of lead.

Given the above new evidence that is now available, indicative of significant lead ef-
fects on nervous system functioning and other important physiological processes as blood lead
levels increase above 15-20 ug/dl and reach 20 to 30 ug/dl, the rationale for considering 30
ug/dl as a "maximum safe" blood lead level (as was the case in setting the 1978 EPA lead
NAAQS) was called into question and substantial impetus provided for revising the criteria
level downward. At this time, it is difficult to identify specifically what blood lead
criteria level would be appropriate in view of the existing medical information. Clearly,
however, 30 ug/dl does not afford any margin of safety before blood lead levels are reached
that are associated with unacceptable risk of notable adverse health effects occurring in some
children. This is based on at least two grounds: (1) blood lead levels in the 30-40 ug/dl
range are now known to "mask", for some children, markedly elevated chelatable body lead
burdens that are comparable to lead burdens seen in other children displaying overt signs and
symptoms of lead intoxication and (2) blood lead levels in the 30-40 ug/dl range are also
associated with the onset of deleterious effects in several organ systems which are either
individually or collectively seen as being adverse. These and other considerations have led
the medical community (CDC, 1985) to define 25 ug/dl PbB as a level associated with unaccept-
able risk for pediatric lead toxicity.

At levels below 25-30 ug/dl, many of the different smaller effects reported as being
associated with lead exposure might be argued as separately not being of clear medical signi-
ficance, although each are indicative of interference by lead with normal physiological pro-
cesses. On the other hand, the collective impact of all of the observed effects (representing
potentially impaired functioning and depleted reserve capacities of many different tissues and
organs) can, at some point distinctly below 25-30 ug/dl, be seen as representing an adverse
pattern of effects worthy of avoidance. The onset of signs of detectable heme synthesis
impairment in many different organ systems at blood lead levels starting around 10-15 ug/dl,
along with indications of increasing degrees of pyrimidine metabolism interference and signs
of iltered nervous system activity, might be viewed as such a point. Or, alternatively, the
co1'active impact of such effects might be argued as becoming sufficiently adverse to warrant
avoidance (with a margin of safety) only when the various effects come to represent marked
deviations from normal as blood lead levels exceed 20-25 ug/dl.
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The frequency of occurrence of various effects among individual affected children at
various blood lead levels may have important bearing on the ultimate resolution of the above
issue regarding the definition of blood lead levels associated with adverse health effects in
pediatric populations. The proportion of children likely affected (i.e., responders) in terras
of experiencing particular types of effects at various lead levels is also an important con-
sideration. Some information bearing on this latter point is discussed next.

13.6 DOSE-RESPONSE RELATIONSHIPS FOR LEAD EFFECTS IN HUMAN POPULATIONS
Information summarized in the preceding section dealt with the various biological effects

of lead germane to the general population and included comments about the various levels of
blood lead observed to be associated with the measurable onset of these effects in various
population groups. As indicated above, inhibition of ALA-D activity by lead occurs at virtu-
ally all blood lead levels measured in subjects residing in industrialized countries. If any
threshold for ALA-D inhibition exists, it lies somewhere below 10 ug/dl blood lead.

Elevation in erythrocyte protoporphyrin for a given blood lead level is greater in chil-
dren and women than in adult males, children being somewhat more sensitive than women. The
threshold for currently detectable EP elevation, in terms of blood lead levels for children was
estimated at approximately 16-17 ug/dl in the recent studies of Piomelli et al. (1982). In
adult males, the corresponding blood lead value is 25-30 ug/dl. Also, statistically signifi-
cant reduction in hemoglobin production occurs at a lower blood lead level in children (40
|jg/dl) than in adults (50 ug/dl).

Coproporphyrin elevation in urine first occurs at a blood lead level of 40 ug/dl and tnis
threshold appears to apply for both children and adults. Iq addition, it appears that urinary
ALA shows a correlation with blood lead levels to below 40 ug/dl, but since there is no clear
agreement as to the meaning of elevated ALA-U below 40 ug/dl, this value is taken as the
threshold for pronounced excretion of ALA into urine. This value appears to apply to both
children and adults. Whether this blood lead level represents a threshold for the potential
neurotoxicity of circulating ALA cannot now be stated and requires further study.

A number of investigators have attempted to quantify more precisely dose-population re-
sponse relationships for some of the above lead effects in human populations. That is, they
have attempted to define the proportion of a population exhibiting a particular effect at a
given blood lead level. To date, such efforts at defining dose-response relationships for
lead effects have been mainly limited to the following effects of lead on heme biosynthesis:
inhibition of ALA-D activity; elevation of EP; and urinary excretion of ALA.
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Dose-population response relationships for EP in children have been analyzed in detail by
Piomelli et al. (1982) and the corresponding plot at two levels of elevation (>1 S.D., >2
S.D.) is shown in Figure 13-5 using probit analysis. It can be seen that blood lead levels in
half of the children showing EP elevations at >1 and 2 S.D.'s closely bracket the blood lead
level taken as the high end of "normal" (i.e., 30 ug/dl). Dose-response curves for adult men
and women as well as children prepared by Roels et al. (1976) are set forth in Figure 13-6.
In Figure 13-6, it may be seen that the dose-response for children remains greater across the
blood lead range studied, followed by women, then adult males.

Figure 13-7 presents dose-population response data for urinary ALA exceeding two levels
(at mean + 1 S.D. and mean + 2 S.D.), as calculated by EPA from the data of Azar et al.
(1975). The percentages of the study populations exceeding the corresponding cut-off levels
as calculated by EPA for the Azar data are set forth in Table 13-9. It should be noted that
the measurement of ALA in the Azar et al. study did not account for aminoacetone, which may
influence the results observed at the lowest blood lead levels.
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Figure 13-5. Dose-response for elevation of EP as a
function of blood lead level using probit analysis .
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Source: Piomelli et al. (1982).
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TABLE 13-9. ERA-ESTIMATED PERCENTAGE OF SUBJECTS
WITH ALA-U EXCEEDING LIMITS FOR VARIOUS BLOOD LEAD LEVELS

Blood lead levels, Azar et al. (1975),
ug/dl percent population

10 2
20 6
30 16
40 31
50 50
60 69
70 84

13.7 POPULATIONS AT RISK
A population at risk is a segment of a defined population exhibiting characteristics

associated with significantly higher probability of developing a condition, illness, or other
abnormal status. This high risk may result from either (1) greater inherent susceptibility or
(2) from exposure situations peculiar to that group. What is meant by inherent susceptibility
is a host characteristic or status that predisposes the host to a greater risk of heightened
response to an external stimulus or agent.

In regard to lead, three such populations are definable: they are preschool age children
(^6 years old), especially those living in urban settings, pregnant women, and white males
aged 40-59, although the evidence concerning this latter group is much more limited than that
for the other two. Children are such a population for both of the reasons stated above,
wherea-3 pregnant women are at risk primarily due to the inherent susceptibility of the con-
cepts Also, for reasons not as yet fully understood, the limited information available
indicates that middle-aged white males appear to be differentially more at risk for mani-
festing elevations in blood pressure in response to lead exposure (see the Addendum to this
document, for a complete discussion of the evidence supporting this).

13.7.1 Children as a Population at Risk
Children are developing and growing organisms exhibiting certain differences from adults

in terms of basic physiologic mechanisms, capability of coping with physiologic stress, and
their relative metabolism of lead. Also, the behavior of children frequently places them in
different relationship to sources of lead in the environment, thereby enhancing the opportu-
nity for them to absorb lead. Furthermore, the occurrence of excessive exposure often is not
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realized until serious harm is done. Young children do not readily communicate a medical his-
tory of lead exposure, the early signs of such being common to so many other disease states
that lead is frequently not recognized early on as a possible etiological factor contributing
to the manifestation of other symptoms.
13.7.1.1 Inherent Susceptibility of the Young. Discussion of the physiological vulnerability
of the young must address two discrete areas. Not only should the basic physiological differ-
ences be considered that one would expect to predispose children to a heightened vulnerability
to lead, but also the actual clinical evidence must be considered that shows such vulnerabil-
ity does indeed exist.

In Chapter 10 and Section 13.2 above, differences in relative exposure to lead and body
handling of lead for children versus adults were pinpointed throughout the text. The signifi-
cant elements of difference include the following: (1) greater intake of lead by infants and
young children into the respiratory and gastrointestinal (GI) tracts on a body weight basis
compared to adults; (2) greater absorption and retention rates of lead in children; (3) much
greater prevalence of nutrient deficiency in the case of nutrients which affect lead absorp-
tion rates from the GI tract; (4) differences in certain habits, i.e., normal hand-to-mouth
activity as well as pica, resulting in the transfer of lead-contaminated dust and dirt to the
GI tract; (5) differences in the efficiency of lead sequestration in the bones of children,
such that not only is less of the body burden of lead in bone at any given time, but the
amount present may be relatively more labile. Additional information discussed in Chapter 12
suggests that the blood-brain barrier in children is less developed, posing the risk for
greater entry of lead into the nervous system.

Hematological and neurological effects in children have been demonstrated to have lower
thresholds in terms of blood lead levels than in adults. Similarly, reduced hemoglobin pro-
duction and EP accumulation occur at relatively lower exposure levels in children than in
adults, as indexed by blood lead thresholds. With reference to neurologic effects, the onset
of encephalopathy and other injury to the nervous system appears to vary both regarding likely
lower thresholds in children for some effects and in the typical pattern of neurologic effects
presented, e.g., in encephalopathy or other CMS deficits being more common in children versus
peripheral neuropathy being more often seen in adults. Not only are the effects more acute in
children than in adults, but the neurologic sequelae are also usually much more severe in
children.
13.7.1.2 Exposure Consideration. The dietary habits of children as well as the diets them-
selves differ markedly from adults and, as a result, place children in a different relation-
ship to several sources of lead. The dominance of canned milk and processed baby food in the
diet of many young children is an important factor in assessing their exposure to lead, since
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both those foodstuffs have been shown to contain higher amounts of lead than components of the
adult diet. The importance of these lead sources is not their relationship to airborne lead
directly but, rather, their role in providing a higher baseline lead burden to which the air-
borne contribution is added.

Children ordinarily undergo a stage of development in which they exhibit normal mouthing
behavior, as manifested, for example, in the form of thumbsucking. At this time they are at
risk for picking up lead-contaminated soil and dust on their hands and hence into their mouths
where it can be absorbed.

There is, however, an abnormal extension of mouthing behavior, called pica, which occurs
in some children. Although diagnosis of this is difficult, children who exhibit this trait
have been shown to purposefully eat nonfood items. Much of the lead poisoning due to lead-
based paint is known to occur because children actively ingest chips of leaded paint.

13.7.2 Pregnant Women and the Conceptus as a Population at Risk
There are some rather inconculsive data indicating that women may in general be at some-

what higher risk to lead than men. However, pregnant women and their concepti as a subgroup
are demonstrably at higher risk. It should be noted that, in fact, it really is not the
pregnant woman per se who is at greatest risk but, rather, the unborn child she is carrying.
Because of obstetric complications, however, the mother herself can also be at somewhat
greater risk at the time of delivery of her child. With reference to maternal complication at
delivery, information in the literature suggests that the incidence of preterm delivery and
premature membrane rupture relates to maternal blood lead level. Further study of this rela-
tionship as well as studies relating to discrete health effects in the newborn are needed.

Vulnerability of the developing fetus to lead exposure arising from transplacental trans-
fer of maternal lead was discussed in Chapter 10. This process starts at the end of the first
trimester. Umbilical cord blood studies involving mother-infant pairs have repeatedly shown a
correlation between maternal and fetal blood lead levels.

Further suggestive evidence, cited in Chapter 12, has been advanced for prenatal lead
exposures of fetuses, possibly leading to later higher instances of postnatal mental retarda-
tion among the effected offspring. The available data are insufficient to state with any cer-
tainty that such effects occur or to determine with any precision what levels of lead exposure
might be required prior to or during pregnancy in order to produce such effects.

Studies have demonstrated that women in general, like children, tend to show a heightened
response of erythorcyte protoporphyrin levels upon exposure to lead. The exact reason for
this heightened response is not known but may relate to endocrine differences between men and
women.
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13.7.3 Middle-Aged White Males (Aged 40-59) as a Population at Risk
Recently-emerging epidemiclogical evidence indicates that increased blood pressure is

associated with blood lead concentrations ranging from >30-40 (jg/dl down to blood lead levels
possibly as low as 7 ug/dl. This relationship appears to be particularly significant for
middle-aged white males (aged 40-59), although a considerable degree of uncertainty surrounds
the statistical analyses of the studies giving rise to this conclusion. A detailed critique
of the various analyses which have been performed on the available epidemiological studies
concerning the blood lead/blood pressure relationship, as well as a discussion of the plaus-
ible biological mechanisms underlying this relationship, are presented in Section 1 of the
Addendum to this document.

The specific magnitudes of risk obtained for serious cardiovascular outcomes in relation
to lead exposure, estimated on the basis of lead-induced blood pressure increase, depends
crucially upon the size of the coefficients estimated for the blood lead/blood pressure asso-
ciation. Given the fact that significant uncertainty exists in regard to the most appropriate
blood-lead blood-pressure coefficient(s) to use in attempting to project serious cardiovas-
cular outcomes, the further analysis of additional large-scale epidemiological data sets will
be necessary in order to resolve more precisely the quantitative relationship(s) between blood
lead and blood pressure. It is possible, however, to identify at this time the population
subgroup of middle-aged white males (aged 40-59) as being yet another group at general risk in
terms of manifesting notable health effects in response to lead exposure.

13.7.4 Description of the United States Population in Relation to Potential
Lead Exposure Risk

In this section, estimates are provided of the number of individuals in those segments of
the population which have been defined as being potentially at greatest risk for lead expo-
sures. These segments include preschool children (up to 6 years of age), especially those
living in urban settings, women of child-bearing age (defined here as ages 15-44), and white
males, aged 40-59. These data, which are presented in Table 13-10, were obtained from a
provisional report by the U.S. Bureau of the Census (1984). Data from the 1980 Census (U.S.
Bureau of the Census, 1983) indicates that approximately 61 percent of the populace lives in
urban areas (defined as central cities and urban fringe). Assuming that the 61 percent esti-
mate for total urban residents applies equally to children of preschool age, then approxi-
mately 15,495,000 children of the total listed in Table 13-10 would be expected to be at
greater risk by virtue of higher lead exposures generally associated with their living in
urban versus non-urban settings. (NOTE: The age distribution of the percentage of urban
residents may vary between SMSA's.)
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TABLE 13-10. PROVISIONAL ESTIMATE OF THE NUMBER OF INDIVIDUALS IN URBAN AND
RURAL POPULATION SEGMENTS AT GREATEST POTENTIAL RISK TO LEAD EXPOSURE

Population segment

Preschool children

Total

Women of
child-bearing age

Total

White males

Total

Actual age,
(yr)
0-4
5
6

15-19
20-24
25-29
30-34
35-39
40-44

40-44
45-49
50-54
55-59

Total number in U.S.
population
(1984)

18,453,000
3,576,000
3,374,000
25,403,000

9,019,000
10,481,000
10,869,000
10,014,000
9,040,000
7,179,000
56,602,000

6,064,000
4,960,000
4,600,000
4,760,000
20,384,000

Urban
population*

11,256,000
2,181,000
_L 05000
15,495,000

5,502,000
6,393,000
6,630,000
6,109,000
5,514,000
4,379,000
34,527,000

3,699,000
3,026,000
2,806,000
2,904,000
12,435,000

*An urban/total ratio of 0.61 was used for all age groups. "Urban" includes central city
and urban fringe populations (U.S. Bureau of the Census, 1983).

Source: U.S. Bureau of the Census (1984), Table 6.

The risk encountered with exposure to lead may be compounded by nutritional deficits
(see Chapter 10). The most commonly seen of these is iron deficiency, especially in young
children less than 5 years of age (Mahaffey and Michael son, 1980). Data available from the
National Center for Health Statistics for 1976-1980 (Fulwood et al. , 1982) indicate that from
8 to 22 percent of children aged 3-5 may exhibit iron deficiency, depending upon whether this
condition is defined as serum iron concentration (<40 ug/dl) or as transferrin saturation
(<16 percent), respectively. Hence, of the 22,029,000 children £5 years of age (Table 13-10),
as many as 4,846,000 would be expected to be at increased risk, depending on their exposure to
lead, due to iron deficiency.

As pointed out in Section 13.7.2, the risk to pregnant women is mainly due to risk to the
conceptus. By dividing the total number of women of child-bearing age in 1981 (56,602,000)
into the total number of live births in 1984 (3,697,000; National Center for Health Statis-
tics, 1985), it may be seen that approximately 7 percent of this segment of the population may
be at increased risk at any given time.
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As for white males, aged 40-59, defined as being at risk most notably for increased blood
pressure in association with elevated blood lead levels, approximately 20 million individuals
can be estimated to be at potential risk based on the 1980 U.S. Census data.

13.8 SUMMARY AND CONCLUSIONS
Among the most significant pieces of information and conclusions that emerge from the

present human health risk evaluation are the following:

(1) Anthropogenic activity has led to vast increases of lead input into those
environmental compartments which serve as media (e.g., air, water, food, dust,
and soil, etc.) by which significant human exposure to lead occurs. Current
blood lead concentrations of populations in industrialized societies best
reflect this impact of man's activities, with such lead levels being much
higher than those found in contemporary populations remote from industrial
activities.

(2) Emission of lead into the atmosphere, especially through leaded gasoline com-
bustion, is of major significance in terms of both the movement of lead to
other environmental compartments and the relative impact of such emissions on
the internal lead burdens in industrialized human populations. By means of
both mathematical modeling of available clinical/epidemiological data by ERA
and the isotopic tracing of lead from gasoline to the atmosphere to human blood
of exposed populations, the atmospheric lead contribution to human blood lead
levels in industrialized areas is estimated to be approximately 25-50 percent.

(3) Given this magnitude of relative contribution to human external and internal
exposure, decreases in atmospheric lead levels would then result in significant
widespread reductions in levels of lead in human blood (an outcome supported by
careful analysis of the NHANES II data). Reduction of lead in food (added in
the course of harvesting, transport, and processing) is also be expected to
produce significant widespread reductions in human blood lead levels in the
United States, as would efforts to decrease the numbers of American children
residing in housing with interior or exterior lead-based paint.
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(4) A number of adverse effects in humans and other species are clearly associated
with lead exposure and, from an historical perspective, the observed "thres-
holds" for these various effects (particularly neurological and heme biosynthe-
sis effects) continue to decline as more sophisticated experimental and clini-
cal measures are employed to detect more subtle, but still significant effects.
These include significant alterations in normal physiological functions at
blood lead levels markedly below the currently accepted 25 (jg/dl "maximum safe
level" for pediatric exposures.

(5) Preceding chapters of this document demonstrate that young children are at
greatest risk for experiencing lead-induced health effects, particularly in the
urbanized, low-income segments of this pediatric population. A second group at
increased risk is pregnant women, because of exposure of the fetus to lead in
the absence of any effective biological (e.g., placental) barrier during gesta-
tion. A third group at increased risk would appear to be white males, aged
40-59, in that blood pressure elevations appear to be significantly correlated
with elevations in blood lead level in this group.

(6) Dose-population response information for heme synthesis effects, coupled with
information from various blood lead surveys, e.g., the NHANES II study, indi-
cate that large numbers of American children (especially low-income, urban
dwellers) have blood lead levels sufficiently high (in excess of 15-20 (jg/dl)
thab they are clearly at risk for deranged heme synthesis and, possibly, other
health effects of growing concern as lead's role as a general systemic toxicant
becomes more completely delineated
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